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During the process of ribosome assembly and maturation, the rRNA is heavily 
modified.  The process of modification is ubiquitous throughout all kingdoms of life and 
includes cleavage by RNases, methylation and pseudouridylation of RNA species. 
Interestingly, while rRNA modification is ubiquitous and modification locations are 
frequently conserved, in many species the modification enzymes are dispensable for normal 
growth.  This non-essentiality has made understanding the functions of RNA modification 
difficult.   
Pseudouridines are one of the most common rRNA modifications and, in Escherichia 
coli, comprise nearly one third of the modifications found within the ribosome.  
Pseudouridylation is the post-transcriptional base isomerization of uridine to pseudouridine 
and is completed by a group of enzymes called pseudouridine synthases.  In E. coli, the 6 
synthases responsible for modifying the 23S rRNA are RluA, RluB, RluC, RluD, RluE and 
RluF, and the single synthase responsible for modifying the 16S rRNA is RsuA.  Currently 
the few hypotheses as to the function of these modifications involve the effects of the unique 
chemical properties of a pseudouridine base on the RNA structure, but few studies have 
shown any effect on ribosome profiles in vivo. 
Through construction of single pseudouridine synthase deletion strains we were able 
to identify several new phenotypes associated with deletion of either rluC or rluE.  All the 
identified phenotypes were associated with the ability of the bacteria to tolerate low-oxygen 
conditions including altered glucose fermentation products, increased ability to utilize nitrate 
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in oxidative metabolism, and increased growth in low oxygen environments.  Additionally, a 
series of multiple deletion mutants were constructed in order to investigate cumulative effects 
that might occur from loss of multiple pseudouridines from a single ribosomal RNA.  
Interestingly, no new growth alterations were noted, even in strains lacking all 7 of the rRNA 
pseudouridine synthase genes, indicating that under the tested conditions, there are not likely 
to be ribosomal assembly or function defects.  While we were not able to determine a 
specific function for pseudouridines from this work, the additional phenotypes and the 
construction of a strain lacking all known synthase genes will provide new tools for 





 Protein synthesis utilizes a significant portion of cellular energy: one study found that 
as much as 90% of bacterial energy is committed to the process (1).  Production of the 
protein-manufacturing apparatus, ribosomes, accounts for a significant portion of this energy 
expenditure (2); in rapidly growing bacterial cultures, ribosomes can make up as much as 
40% of the dry mass of each cell (3).  The production of these ribonucleoprotein complexes 
is tightly regulated and can respond to changes in demand through a variety of cellular 
signals (4–7).  Once assembled, ribosomes are also capable of affecting cellular processes or 
through the effects of transcription-translation coupling and the sensing of nutrient 
availability (8–10).  This role as both a production factory and a regulatory factor explains 
why ribosomal structures are generally conserved throughout the kingdoms of life (11). 
Ribosomal Structure and Assembly 
 The ribosome complex consists of two subunits, each constructed from ribosomal 
RNA (rRNA) and many ribosomal proteins (r-proteins).  In Escherichia coli, the large (50S) 
subunit consists of two rRNAs, the 23S and 5S, along with 34 different r-proteins, while the 
small (30S) subunit contains only one rRNA species, the 16S, and 21 r-proteins (6).  The two 
subunits associate during the process of translation initiation to form a functional 70S 
ribosome.  E. coli has seven rRNA operons that each contain a single copy of the three 
rRNAs (6).  Each operon has two promoters that are both considered very efficient (6), as 
their transcripts are needed for the “housekeeping” purpose of protein synthesis, but are also 
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sensitive to a wide variety of transcriptional regulation and signaling (4, 5, 12, 13).  The 
rRNA transcript contains the three rRNA species along with a combination of several 
different tRNA species, all of which must be separated via RNase cleavage. 
The rRNA processing begins while transcription is still underway.  The 23S, 16S and 
5S rRNAs are separated from each other and from the multiple tRNAs located within each of 
the rRNA operons by the endonuclease RNase III.  The further modification of rRNA is 
completed as the ribosome assembles (14).  While chaperones and helicases help guide the 
formation of rRNA secondary structure, the rRNA modifying enzymes use these topological 
additions to the rRNA to guide further modifications (11, 15–17). 
The addition of ribosomal proteins to the growing ribosome complex occurs in 
several stages.  As ribosomal modifications and rRNA secondary structure begin to form, the 
primary r-proteins for each of the two subunits are able to bind to the rRNA.  With both 
subunits, the addition of the first proteins helps guide the binding of the secondary proteins 
and guide further modification (3, 11, 17).  The tertiary proteins are added in a similar 
fashion.  Compared to the 30S subunit, the 50S subunit is much larger and contains 
numerous additional proteins as well as a second rRNA species.  Therefore, in the larger 
subunit this process is more complex, but both follow the same general steps in assembly, 
with the secondary and tertiary proteins being unable to bind until certain primary proteins 
are bound correctly.  Identifying the specific steps at which rRNA modifications are 
introduced has proven more difficult.  For example, RluD is known to modify a partially 
assembled ribosomal particle more efficiently than bare 23S rRNA, indicating that it is likely 
not involved in the very earliest steps of ribosome assembly (17).  Also, as several of the 
prokaryotic pseudouridine synthases modify multiple sites that share limited sequence 
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similarity, it is believed that bound proteins and secondary structures help guide the enzymes 
to the correct sites (3, 18).  However, as ribosomes can be assembled in vitro without any of 
the rRNA modifications, it is clear that none of them are essential for this process (19, 20).   
Ribosome Assembly Factors 
There are numerous ribosome assembly factors that, while not essential to the 
process, serve to reduce energy requirements, chaperone unfolded proteins and RNAs, or 
guide the folding of secondary structures (3).  Because these proteins all facilitate the 
assembly of such an important cellular machine, deletion of the coding genes often results in 
a similar collection of associated phenotypes.  For example, the DEAD box helicase family, 
members of which all recognize the common D-E-A-D amino acid motif, are associated with 
the ability to dissociate short RNA duplexes and several are involved in the assembly of the 
large ribosomal subunit (21).  Deletion of genes from this family usually results in a cold-
sensitive phenotype and, although these proteins are closely related, over-expression of one 
cannot complement for the cold sensitivity of another, indicating that they are all needed for 
correct ribosome assembly at cold temperatures (22).  Ribosome assembly can be affected by 
other environmental stresses like osmotic pressure.  This was made evident by studies which 
have shown that another ribosome assembly factor, RsgA, has been associated with 
resistance to high salt concentrations (23).   
However, to confirm the role of a specific protein as a ribosome assembly factor there 
must be a ribosome assembly defect including an abnormal ribosome assembly profile and/or 
rRNA processing defects.  The deletion of deaD or bipA, both ribosome-associated GTPases, 
results in a decrease in 50S ribosomal subunits at 20°C showing that they are both required 
for efficient ribosome assembly at cold temperatures (22, 24).  Interestingly, the phenotypes 
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associated with deletion of bipA, including the cold sensitivity and ribosome assembly 
defects, can be alleviated by the deletion of the gene coding for RluC, one of the rRNA 
modifying enzymes (24, 25).  This suggests that at least one of the known ribosome assembly 
factors interacts with rRNA modifications to facilitate ribosome assembly. 
rRNA Modifications 
 Beyond the cleavages necessary to produce the three properly sized rRNA species, all 
organisms expend significant energy imparting a wide variety of post-transcriptional 
modifications to their rRNA (6).  As much as 0.8% of the entire coding capacity of E. coli is 
devoted to the process of rRNA modification (26).  Despite these significant genetic and 
metabolic expenditures, deletion of the rRNA-modifying enzymes from various laboratory 
organisms, including both prokaryotes and eukaryotes, rarely results in growth defects or 
other phenotypes and therefore most are considered non-essential.  This lack of phenotypes 
has made understanding the role of rRNA modifications difficult, and to date, there are few 
hypotheses as to their role in ribosomal function. 
Both the base and sugar moieties can be modified by several mechanisms.  
Modifications to the sugar backbone can include the addition of carbonyl, amino, or thio 
groups and bases have been shown to be modified by methylation to both purine and 
pyrimidine species as well as by the isomerization of uridine to pseudouridine (6).  E. coli 
ribosomes have at least 36 rRNA base modifications, including 11 to the 16S rRNA species 
and 25 to the 23S rRNA species.  The 16S rRNA contains 10 methylations and a single 
pseudouridine while the 23S rRNA contains at least 14 methylations, 9 pseudouridylations, 
one methylated pseudouridylation and one location containing a modification that has yet to 
be classified (6). 
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Complete ribosomes can be assembled in vitro; however, if the rRNA transcripts 
come from an in vitro rather than a “native” source, the catalytic activity of the assembled 
ribosomal particles is significantly impaired (20). Early studies linked this phenomenon to a 
lack of post-transcriptional modifications in an 80 nucleotide region spanning bases 2445-
2523 of the 23S rRNA.  This region contains 7 different modifications and the functional 
defect would suggest that one or more of these modifications may be necessary for proper 
ribosome assembly and function.  Subsequent studies, however, have shown that several of 
the modifications, notably the pseudouridines at locations 2457 and 2504, are dispensable for 
growth in vivo, thus implicating one or more of the other modifications in the functional 
defects observed in the original study (18, 24, 25, 27).  Interestingly, none of the 11 base 
modifications found on the 16S rRNA are necessary to form a fully functional 30S subunit in 
vitro (19).  The lack of essentiality for modification in the ribosome assembly process has 
contributed significantly to the poor understanding of the spatial and temporal mechanisms 
behind rRNA modifications (14). 
Pseudouridines 
 One of the most commonly found rRNA modifications is the isomerization of uridine 
to pseudouridine (28, 29).  These modifications were one of the first identified ribonucleic 
acid modifications and were deemed “the fifth nucleoside,” as they make up a majority of the 
RNA nitrogenous base modifications found, with as much as 4% of the cellular RNA being 
pseudouridines (28, 29).  Sites of modification in the rRNA are typically found within 
conserved and/or catalytically important regions of the rRNA including the peptidyl-
transferase center of the ribosome (29–34).  While pseudouridylation in prokaryotes is 
believed to be limited to the stable RNAs, pseudouridylation of non-stable RNAs in 
6 
 
eukaryotes does occur and is thought to play a role in mRNA regulation and general RNA 
stability (35–41). 
 Pseudouridylation does not alter Watson-Crick base pairing, as pseudouridines 
present the same molecular face to the base-pairing face of the RNA molecule (Figure 1).  
However, the isomerization does change both the atoms exposed to the major groove and the 
glycosyl bond (Figure 1).  The nitrogen atoms exposed to the major groove bring with them 
additional electrons that are not present with uridine bases and thus serve as extra electron 
donors.  While the exact role or roles for these electrons have not been confirmed, it is 
thought that they may serve to facilitate interactions with ribosomal proteins through 
hydrogen bonding and/or strengthen rRNA structures during RNA folding (14, 16, 31, 32, 
37, 42, 43). During isomerization from uridine to pseudouridine, the glycosyl bond is 
  
Figure 1:  Comparison of uridine and pseudouridine bases:  The pseudouridine synthase 
enzyme isomerizes uridine to pseudouridine and thus alters the chemical characteristics of 
the base.  Blue represents the glycosyl bond.  Red represents electron donors.  Green 




reformed as a C-C bond rather than the C-N bond found in all other nucleotides (42).  This 
bond increases the potential conformational flexibility of the pseudouridine base and, when 
found in the anti configuration, has been shown to position the bases for successful 
alignment of water molecules with the 5’ phosphates (16, 42).  The stability of the RNA 
structures is optimized through these water molecule interactions and the increase in 
cooperative base stacking that the pseudouridine residue provides (16, 42).  Although crystal 
structures have shown that RNA modifications do alter RNA structures, ribosomes can 
efficiently assemble when lacking specific RNA modifying enzymes and these mutant 
ribosomes do not necessarily show rRNA processing defects (24).  Because ribosomes 
lacking pseudouridines can assemble and function without rRNA-processing defects, it 
implies that the evolutionary role for pseudouridines may be in fine-tuning ribosome 
assembly or function, rather in an essential assembly or functional role.     
Pseudouridine Synthases 
  Chemical analysis of the isomerization process has revealed much about the function 
of the pseudouridine synthases.  All identified synthases can be classified into five groups, 
named for five E. coli enzymes that represent these groups (42).  In E. coli, the TruA, TruB, 
and TruD families all modify tRNAs exclusively (42).  The RsuA family contains the RsuA, 
RluB, RluE and RluF proteins and this family is responsible for modifying both the 16S 
rRNA and three of the ten pseudouridine locations in the 23S rRNA.  The final family is the 
RluA family and in E. coli, and consists of RluA, RluC, and RluD.  This family is 
responsible for the final seven of the pseudouridines in the 23S rRNA (29, 42).  
While there is little amino acid sequence similarity between members of the different 
families, all share a common central functional core fold and a conserved cleft region (29, 32, 
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42, 44).  There is also a single conserved aspartate residue that is essential for catalytic 
activity in this region (42).  This conserved central region has led some to hypothesize that 
these enzymes may be the result of gene duplications of an ancestral pseudouridine synthase 
gene (42).  There is also very little sequence identity between the targeted modification sites, 
therefore, the remaining regions of the proteins have been implicated in target site sequence 
and structure recognition (29, 32, 42, 44).   
While all organisms possess stand-alone synthases that have internal site recognition 
capabilities, some eukaryotic and archaeic pseudouridine synthases utilize an alternative 
mechanism that provides more sequence flexibility (29, 39, 41, 42).  Because these 
organisms have a larger number of pseudouridine modifications, they utilize a synthase that 
can recognize and associate with multiple small nucleolar RNAs (snoRNAs) and utilize these 
to identify and modify target sequences (29, 39, 41, 42).  This system allows for the 
modification of nearly 100 sites in yeast and over 200 in humans (41).   
In E. coli, there are a total of 11 pseudouridine synthases.  The TruA, TruB, TruC, 
and TruD proteins modify tRNAs exclusively (29, 37, 42).  The remaining seven synthases, 
RluA, RluB, RluC, RluD, RluE, RluF and RsuA, are responsible for all of the modifications 
to the rRNAs (29, 31, 42).  Although these are all considered stand-alone synthases, TruA, 
RluA, RluC and RluD can all modify multiple sites and the RluA modification targets are 
located on both the 23S rRNA and tRNA species (29).  Despite this apparent flexibility in E. 
coli pseudouridine synthases, they are very specific in their modification sites.  Deletion of a 
specific synthase results in the loss of modification at the associated site(s) and other 




Pseudouridine Synthase Deletion Phenotypes 
 The deletion of any of the rRNA pseudouridine synthases is possible in E. coli, and 
rarely results in observable growth defects or other phenotypes.  This is surprising given the 
ubiquitous and conserved nature of both the modifications and the synthase enzymes.  The 
few phenotypes that have been identified in E. coli involve either a defect in competition 
against their parental strain, as was the case for deletion of rluA in MG1655 or BL21 (47) or 
were evident only in specific genetic backgrounds and were not visible in other contexts as 
was noted for rluC and rluD deletions (24, 25, 30, 45, 48, 49).   
 The deletion of rluA in either the MG1655 or BL21 background did not result in 
exponential phase growth defects when these strains were grown alone in culture (47).  This 
was true in either rich or minimal media at a wide range of temperatures (47).  However, 
when grown in competition with the parental strain, there was a clear disadvantage for the 
ΔrluA strain, not seen when either a ΔrluC or ΔrsuA strain was grown under similar 
competitive conditions (47).  While interesting, this competitive disadvantage is ambiguous 
in nature, and has not led to a deeper understanding of the role for the rluA modifications. 
The phenotypes for deletion of rluD have been noted in the MG1655 background (30, 
33, 45, 48).  These phenotypes include significant defects in ribosome assembly and function 
(30, 33, 45, 48), including defects in translation termination resulting in poor growth (33, 48).  
This poor growth was linked to significant read-through at all three stop codons, resulting in 
high levels of peptide turn-over (33, 45, 48).  In particular, ribosomal protein S7 exhibited 
high levels or read-through that resulted in SsrA tagging which targets incomplete proteins 
for rapid degradation (48).  The loss of the r-protein, S7, which is essential for the proper 
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function of the translation apparatus further hinders the ability of cells to produce new 
proteins, leading to a feed-back mechanism that causes significant growth inhibition.   
Because of the growth impairment in these strains, suppressor mutations have been 
readily identified and frequently occur in the prfB gene (49).  This gene codes for Release 
Factor 2 (RF2) in E. coli, one of the two class 1, codon specific, release factors in this 
organism (50).  Interestingly, MG1655 possesses an unusual allele of prfB that is found 
rarely in other E. coli strains and the suppressor mutations identified in these studies 
resembled prfB genes from other E. coli strains, notably BL21 and other B strains (49).  
Replacement of the MG1655 prfB allele with the BL21 gene resulted in significantly 
increased growth in the MG1655ΔrluD strain (49).  This implies that the three 
pseudouridines placed by RluD interact with, or facilitate RF2 interactions with the 
ribosome, at least in the context of the unusual prfB allele in MG1655.  However, the role for 
the RluD-associated pseudouridines outside of the context of the MG1655 allele remains 
unclear.   
The phenotypes associated with deletion of rluD are not the only strain-dependent 
phenotypes associated with the deletion of an E. coli pseudouridine synthase.  Deletion of the 
bipA gene in MG1655 results in a collection of phenotypes including cold-sensitive growth, 
ribosomal assembly defects, and altered expression of stress response genes (24, 25, 51).  
However, deletion of rluC from an MG1655ΔbipA strain suppresses the ΔbipA defects in 
cold sensitivity, gene expression, rRNA processing, and ribosome assembly while not 
exhibiting any phenotypic alterations alone (24, 25).  The phenotypes of a bipA deletion point 
towards a role for bipA in ribosome assembly, in particular at cold temperatures.  Deletion of 
rluC in MG1655 results in ribosomes that are bipA-independent.  The rluC deletion does not 
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display phenotypes without the bipA deletion in these strains, thus demonstrating another 
instance of strain-dependence for a pseudouridine synthase deletion.   
Even fewer phenotypes are available in other organisms.  The Francisella tularensis 
live vaccine strain (LVS), is attenuated in vivo and results in  macrophage inflammasome 
activation (52).  However, when FTL-0699, a gene which is annotated to code for an RluD-
like pseudouridine synthase, is mutated in this strain it loses the in vivo attenuation and can 
inhibit activation of macrophage inflammasomes. This implicates pseudouridine synthases in 
F. tularensis infection, however, the mechanism of this process has not been studied further 
in this organism.  Also, deletion of specific individual modification sites in yeast ribosomal 
rRNA results in minimal growth or assembly defects, but there appears to be a cumulative 
effect on both growth and ribosomal assembly when several sites of modification are lost in 
these cells (53).   
Several studies have suggested a role for mRNA pseudouridylation in gene 
regulation.  In Saccharomyces cerevisiae and other fungal species, several sites of conserved 
pseudouridine modifications have been identified, but there were no obvious alterations in 
mRNA stability or translation rate so their role in this context also remains unclear (35, 40).  
A similar connection has been made in human mRNAs with at least 89 human mRNAs 
modified to different degrees during different cellular growth states (40).  Defects in one of 
the human pseudouridine synthases, dyskerin, have been implicated in the X-linked 
congenital disorder, dyskeratosis congenita (X-DC), and cancer because of its involvement in 
essential cellular processes like telomere stabilization (54).  Ribosomes from cells depleted in 
dyskerin show a decrease in rRNA uridine modification levels and altered translation fidelity 
(54).  The use of pseudouridylated mRNA as a therapeutic gene-replacement tool has been 
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investigated in human cell lines (55).  Pseudouridines have been shown to reduce the 
immunogenicity of these transfected mRNAs by reducing the response of the RNA-sensing 
Toll-like receptors, TLR3, TLR7, and TLR8 (55, 56).  These connections between 
pseudouridine modifications and their potential roles in human disease and disease therapies 
makes understanding their general functions even more imperative (54, 57, 58).  
Strain Differences Between MG1655 and BL21(λDE3) 
 As noted above, several of the phenotypes associated with pseudouridine synthase 
deletions in E. coli are strain-dependent.  The prfB allele in MG1655 is different than the 
allele found in almost all other E. coli strains and it was this difference that made the rluD 
deletion phenotype apparent (49).  While MG1655 and similar K-12 strain derivatives have 
been a common choice for genetic and cell biology work for many decades (59, 60), BL21 
and other B strains have been the more popular choice for work understanding phage 
genetics and more recently the BL21(λDE3) strain has become a common choice for 
laboratories doing protein expression work (59–61).   
With the advent of whole genome sequencing, several studies have been performed 
analyzing the genetic differences that separate these two equally important, yet obviously 
distinct strains (60–63).  Phage integration, UV mutagenesis treatments, transductions, and 
countless generations of segregated growth have produced significant genomic differences 
(60).  One study in particular identified 426 single nucleotide polymorphisms (SNPs), 11 
single base pair deletions, 25 multi-base pair insertion/deletion mutations as well as several 
insertion element differences and defective prophage (60).  The λDE3 prophage integrated 
into the BL21 genome is one of the primary reasons this strain is favored for biotechnology 
and other protein production work, as it encodes the T7 RNA polymerase (60, 61).  Other 
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notable differences between the strains include the loss of the lon gene, which codes for the 
Lon protease, in BL21 due to the incorporation of an insertion element and a SNP at codon 
141
 
of fnr, which is altered in the BL21 strains to code for an amber stop codon, rather than 
one of several other functional amino acids (61, 64).   
FNR and the Low Oxygen Response   
 There are two major regulatory networks that control growth under varying 
oxygenation conditions, the ArcAB two-component regulatory system and FNR.  While both 
systems can serve a duel-regulatory role and their regulons do overlap, the ArcAB system is 
known to suppress the stress-response sigma factor, σ
s
, and is not typically associated with 
regulation of genes under anaerobic conditions(65, 66).   
However, FNR is a global transcription regulator that controls the transition to low 
oxygen and anaerobic growth environments (67–71).  Because the ability to respond to 
decreases in oxygen availability are crucial to maintaining cellular ATP levels, transcription 
and translation rates of fnr are consistent, regardless of the environmental oxygenation 
conditions (68, 71).  This consistent FNR availability allows cells to respond immediately to 
changing conditions without having to wait for FNR production in cells that may be lacking 
the energy necessary to complete transcription and translation.  This indicates that FNR 
activity must be regulated through the sensing of oxygen, as the transcription of some FNR-
regulated genes do not reach maximum levels unless under anaerobic conditions (68, 72).   
When purified under anaerobic conditions, FNR has been shown to contain a 
complex iron-sulfur cluster that promotes dimerization of FNR molecules (71).  It is in this 
dimeric conformation that FNR can bind DNA to regulate gene transcription (68, 71).  The 
dimerization domain and DNA binding regions are in the C-terminal half of the FNR protein 
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with the oxygen-sensing region being at the N-terminal region (69, 71).  However, when 
oxygen is present, this iron-sulfur cluster is disrupted and the homodimer falls apart, 
resulting in inactive FNR molecules (68, 71).  The concentration of oxygen that has been 
found to be necessary to inactivate at least 50% of FNR molecules is 1μM, which is also the 
estimate for the cellular concentration of oxygen necessary to support cellular metabolism 
(71).  Thus, as any system that plays a vital role in cellular metabolism should be, this system 
for gene regulation is finely tuned to cellular needs. 
 FNR is considered the primary regulator of the response to low oxygen conditions 
(68, 71).  The FNR regulon is broad, with over 70 genes in 31 different operons being part of 
the traditional FNR regulatory network (68).  This is not surprising, however, as making the 
conversion from an environment of high oxygen to low oxygen requires both the inhibition 
of genes requiring oxygen for their function and the activation of genes necessary for growth 
and metabolism under low oxygen conditions.  This traditional network includes the gene 
networks one commonly associates with low oxygen tolerance like carbon metabolism, 
macromolecule synthesis, regulatory functions, and cell division (68, 72).  However, FNR 
has been implicated in the regulation of many other processes like cell chemotaxis and drug 
sensitivity, as well as in the regulation of many genes of unknown function (68, 72). 
 Notably, FNR mutants have been shown to be defective in their ability to utilize 
nitrate or fumarate as a final electron receptor under anaerobic conditions (61, 71).  Strains 
lacking FNR have also been shown to be defective in the production of hydrolases 
responsible for gas production during glucose fermentation (61).  Regulation by FNR is 
pervasive and by also serving as a regulator of the transcription factors, the reach of FNR 
regulation is extended even further into the bacterial genome (72). 
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Summary and Hypotheses 
 Ribosomal RNA modification has been highly conserved throughout evolution yet a 
majority of rRNA modifications do not appear to be essential to ribosomal assembly or 
function.  In particular, pseudouridines can alter the chemical capabilities of RNA without 
disrupting base pairing, however, there is no clear evidence to show what value 
pseudouridylation has in vivo.  The few identified phenotypes are either associated with a 
vague, competitive disadvantage or are strain-specific and are not universal within even a 
single species, like E. coli. As deletion of pseudouridine synthase genes from model 
organisms like E. coli and S. cerevisiae has yielded few phenotypes from which to draw 
conclusions regarding potential functions, any new insights will be useful in the process of 
understanding these ubiquitous modifications.  
 The loss of a single pseudouridylation site rarely results in defective growth and in 
several instances, multiple sites have been lost with no negative effects.  Deletion of up to 
three pseudouridine synthases, with an accumulated loss of up to five modification sites is 
possible, in E. coli strain MG1655, without obvious growth defects in laboratory conditions; 
however, in some model yeasts, the loss of several pseudouridine modification sites appears 
to result in an accumulated defect. 
 Since little information is known regarding the biological function of pseudouridines, 
we set out to construct a series of pseudouridine synthase deletions, all in a single 
background strain.  Because of the rluD phenotypes seen in the MG1655 background, we 
chose the BL21(λDE3) strain background because we believed we would be able to delete all 
of the E. coli pseudouridine synthase genes without any growth defects or other aberrations.  
Surprisingly, we identified a growth-related phenotype for deletion of two of the 
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pseudouridine synthase genes in this background.  We chose to investigate these phenotypes 
further in hopes of providing new information about the function of ribosomal 
pseudouridines.   
We also investigated the ability of a non-pseudouridylated ribosome to support 
growth of E. coli.  Several pseudouridine synthase deletions had been combined in a single E. 
coli strain without any obvious growth defects under laboratory conditions, and we 
hypothesized that this would be the case for a strain lacking the full complement of 
ribosomal pseudouridine synthase genes as well.  However, the fact that yeast cells exhibited 
an additive effect that resulted in a noticeable defect from the loss of pseudouridylation at 
multiple sites indicated that there may be a limit to the number of pseudouridines.  By 
constructing a series of single and multiple deletion strains we set out to determine the 
minimum number of pseudouridines necessary for in vivo ribosome function and, if any 
specific combinations of pseudouridine sites are necessary together.  We would then 
undertake a comparison of these strains to strains lacking known ribosome assembly factors 




MATERIALS AND METHODS 
Bacterial Strains and Media 
 All bacterial strains used are derivatives of either Escherichia coli (E. coli) K-12 or E. 
coli BL21 and are listed in the Appendix.  The strains MG1655, a K-12 strain, and 
BL21(λDE3) were used as wild-type strains for most experiments and mutants that were 
generated were their isogenic counterparts.  Strains were grown in Luria Bertani (LB) liquid 
media or on LB agar plates for most experiments (73).  M63 minimal media was used for 
growth curves as indicated and to select against the donor strain, S-17 (λpir)/pJMSB8, after 
conjugation to remove the res-npt-res (kanamycin) cassette (74).  When M63 media was 
used, carbon sources were added to a concentration of 0.4% for glucose or 0.8% all others.  
When necessary, antibiotics were used at the following concentrations: Ampicillin (100 
mg/L), Kanamycin (50 mg/L), Tetracycline (20 mg/L). 
Strain Construction Techniques 
Transduction 
Preparation of P1 phage lysate: 
 The donor strain was grown overnight in 5 ml LB broth at 37°C with continuous 
shaking.  The following day, 50 μl of the overnight culture was added to 50 ml of LB 
containing 5mM CaCl2 and 0.2% glucose.  The culture was then incubated at 37°C with 
shaking until bacterial growth was barely visible, typically 30 min.  At this point, 100 μl of 
P1vir phage lysate was added and growth at 37°C with shaking was resumed for another 2-3 
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hours until the culture cleared.  100 μl of chloroform was added and the culture was vortexed 
to lyse any remaining cells.  The mixture was then centrifuged at 1200 x g for five minutes to 
pellet cellular debris.  The supernatant was gently collected and transferred to sterile glass 
screw-capped tubes and an additional 100 μl of chloroform was added.  Tubes were then 
vortexed to combine and stored at 4°C. 
P1 transductions: 
 Recipient strains were grown overnight in LB broth at 37°C with continuous shaking.  
The following day, cultures were centrifuged at 1200 x g for five minutes to pellet cells and 
the supernatant was discarded.  The pelleted cells were resuspended in 2.5 ml 10 mM 
MgSO4, 5 mM CaCl2.  100 μl of the resuspended cells were combined with 100 μl of phage 
lysate and incubated at 30°C for 30 minutes without shaking.  Additional samples with only 
lysate or only resuspended cells were also incubated to be used as controls.  After incubation 
1 ml of LB containing 10mM sodium citrate was added to each of the samples and incubate 
continued at 37°C for an additional 45-60 minutes.  The cultures were centrifuged at 1200 x 
g for five minutes and the supernatant was discarded.  100 μl of 1 M sodium citrate was used 
to resuspend the pelleted samples in addition to gentle vortexing.  The samples were plated at 
on LB agar media containing the appropriate antibiotics and allowed to grow overnight at 
37°C.  Transductants were restreaked for purification prior to sample preparation for PCR 
verification (discussed later). 
res-npt-res Resolution 
 Resolution of the res-npt-res cassette to remove the kanamycin resistance from a 
deletion strain was completed via conjugation of recipient strains with the donor strain , S17-
1 λpir/pJMSB8 (74).  The recipient and donor strains were grown overnight in 5 ml of LB 
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broth or LB broth containing ampicillin (for plasmid maintenance) respectively.  The 
following day these strains were diluted 1:100 in LB broth containing ampicillin and grown 
at 37°C with shaking to mid-log phase.  100 μl of the recipient was combined with 400 μl of 
donor in an Eppendorf tube and centrifuged at 5000 x g for 5 min.  The supernatant was 
discarded and the pelleted cells were resuspended in 50 μl LB broth.  The mixture was 
seeded in the center of an LB agar plate and allowed to grow for approximately 8 hours 
without inverting at 37°C.  After incubation, 1 ml of LB broth was added to the plate and 
used to resuspend the cultures for harvesting via gentle scraping of the agar surface.  
Harvested cells were serially diluted to 10
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, were plated on M63 minimal media with glucose to select against the donor 
strain.  After overnight incubation, colonies were patched onto LB plates and LB plates 
containing ampicillin or kanamycin to screen for loss of the antibiotic resistance from the 
original res-npt-res cassette as well as loss of pJMSB8, which codes for ampicillin 
resistance.  Strains exhibiting the correct phenotypes were then streaked for purification prior 
to sample preparation for PCR verification (discussed later). 
frt-kan-frt Resolution 
 The removal of the kanamycin resistance gene from strains containing the frt-kan-frt 
cassette was performed following a protocol first described by Datsenko and Wanner (75).  
The pCP20 plasmid was transformed into the recipient strain following the protocol 
described in the following section.  After transformation, strains were plated on LB agar 
containing ampicillin and allowed to grow overnight at 30°C.  The following day, several 
colonies from the agar plate were selected and combined into a test tube containing 5 ml of 
LB broth without antibiotics.  This culture was allowed to grow at 37°C with shaking for 2-3 
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hours and then subcultured to 1:100.  The growth and subculture procedure was repeated 2-3 
times.  This process allows for the loss of the temperature-sensitive pCP20 plasmid; while 
expression of the FLP recombinase facilitates the removal of the kanamycin resistance gene.  
After the final subculture period, the samples were diluted a final time at 1:100 and 50 μl 
were plated on LB agar plates without selection.  After growing overnight at 37°C, individual 
colonies were patched onto LB agar plates without selection and LB agar plates containing 
either kanamycin or ampicillin to screen for both the loss of the pCP20 plasmid and the 
kanamycin resistance gene.  The loss of the kanamycin gene was then confirmed using PCR 
of the relevant chromosomal region. 
General Transformation 
Preparation of competent cells: 
 Overnight cultures of recipient strains were grown in LB broth with shaking at 37°C.  
The following day, the overnight cultures were subcultured at a ratio of 1:100 into fresh LB 
media and grown to mid-log phase.  Cultures were centrifuged at 3000 x g for 10 minutes to 
pellet cells.  The pellet was then resuspended in a volume equal to the starting volume of 
sterile, pre-chilled 10 mM CaCl2 and allowed to sit on ice for 20 min.  The cells were then re-
pelleted following the same procedure as above and resuspened in ½ volume of the calcium 
CaCl2 and allowed to rest again for 20 minutes on ice.  After this rest period, the cells were 
again pelleted and resuspended in 1/20 volume of 10mM CaCl2.  After an additional 20 
minutes on ice the cells were divided into 50 μl aliquots.  Aliquots were either frozen at         






 Plasmid DNA was collected from 5 ml overnight bacterial cultures utilizing the 
Qiagen Miniprep plasmid isolation kit (Qiagen) following the manufacturer’s instructions.  
The overnight cultures were pelleted by centrifugation at 18,000 x g for 5 minutes and 
resuspended in 250 μl of the supplied P1 buffer.  After transfer to an Eppendorf tube, 250 μl 
of the provided buffer P2 was added and the samples were mixed by inverting the tube 
several times.  Subsequently, 350 μl of the supplied N3 buffer were added and the samples 
were again mixed by inversion several times.  Samples were then centrifuged at 18,000 x g 
for 10 minutes.  After centrifugation, the supernatant was applied to the provided QIAprep 
column and centrifuged for 30-60 seconds at 18,000 x g.  After discarding the flow-through, 
the column was washed using 750 μl of the supplied PE buffer and further centrifugation for 
an additional 30-60 seconds.  The flow through was again discarded and the column was 
once more centrifuged for 60 seconds to remove any traces of ethanol from the wash buffer.  
The column was then transferred to an Eppendorf tube to collect the eluted DNA.  Elution 
was completed using 50 μl of sterile, nuclease-free water and centrifuging the column for 60 
seconds.  Eluted DNA was stored at -20°C for future use. 
Calcium chloride transformation: 
   A 50 μl aliquot of the prepared competent cells was combined with 1-5 μl of isolated 
plasmid DNA in an Eppendorf tube and incubated on ice for 20 min.  After incubation, the 
samples were heat-shocked for 45 seconds in a 42°C heat block.  Immediately following heat 
shock, 1 ml of LB broth was added to the samples and they were placed at 37°C for 60 
minutes.  After incubation, 50 μl of the culture was removed and plated on an LB agar plate 
containing appropriate antibiotics.  The remaining culture was then centrifuge at 3000 x g to 
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pellet the cells.  After discarding the supernatant, the pellet was resuspended in 50 μl of LB 
broth and transferred to another LB agar plate containing appropriate antibiotics.  After 
incubation overnight, isolated colonies were tested for the presence of the plasmid by re-
isolating plasmid as described above using the QIAprep mini kit and visualization of plasmid 
DNA on an agarose gel. 
Polymerase Chain Reaction 
DNA extraction for PCR: 
200 μl of overnight culture of the bacterial strain of interest were combined with 800 
μl of sterile, nuclease-free water in an Eppendorf tube.  The mixture was boiled for 10 
minutes and centrifuged at 18,000 x g for 5 minutes.  The supernatant was collected in a 
separate Eppendorf tube and stored at -20°C for future use. 
Polymerase chain reaction: 
 PCR reactions were performed using a 2400 Gene Amp Thermo Cycler (Perkin 
Elmer).  Reactions to amplify chromosomal DNA containing suspected gene deletions were 
completed using Epicenter’s Failsafe PCR kit.  The contents of the kit included several 
premixes, each of which contained buffered salt solutions with dNTP’s, various magnesium 
ion concentrations and a proprietary PCR enhancer.  The kit also contained an enzyme mix 
with multiple DNA polymerases capable of amplifying fragments up to 20 kb in size.  The 
premix that was determined empirically to provide the best results for a particular primer 
pair/template combination was used for further reactions.  Reaction annealing temperatures 
were calculated based on primer melting temperatures (Tm) that were calculated based on 
primer sequence.  The PCR reactions were carried out for a minimum of 25 cycles.  
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Following PCR amplification, samples were electrophoresed on a 1% agarose gel and stained 
via ethidium bromide for visualization under UV light.    
Bioscreen C Growth Curve Analyses 
 Growth curve analysis of various strains was completed using a Bioscreen C growth 
curve analyzer manufactured by Labsystems (Helsinki, Finland).  Overnight cultures of 
strains were grown at 37°C with shaking. LB broth was utilized for any cultures that would 
be grown in an LB-based media and M63 minimal media with 0.4% glucose was used for 
strains to be grown in any of the minimal media studies.  When appropriate, antibiotics were 
used for plasmid maintenance.  Overnight cultures were subcultured into the desired media at 
a final OD600 of 0.01.  Honeycomb plate wells were filled, in triplicate, with 300 μl of each 
subculture.  All analyses were completed at 37°C with continuous shaking and measurements 
were taken at 15 minute intervals.  Growth curves were generated using GraphPad Prism to 
plot OD600 vs. time.  For clarity, some time points were omitted during graphing.  OD600 
values obtained from the Bioscreen C are not directly comparable to those obtained from a 
standard spectrophotometer due to the shorter path length of the wells in the honeycomb 
plates (25). 
Amino Acid Growth Studies 
Growth curves to determine the effects of growth in minimal media supplemented 
with amino acids were performed in the Bioscreen C.  M63 minimal media with 0.8% 
glucose and 0.4% casamino acids was used for overnight growth of strains and amino acid 
groups were supplemented into M63 plus 0.8% glucose at a final concentration of 0.005% 
per amino acid with each media lacking a specific amino acid group.  The groups were 
organized based on the biosynthesis pathways used to produce each amino acid in order to 
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identify any potential defects in amino acid synthesis and were as follows: Group1-tyrosine, 
tryptophan and phenylalanine.  Group2-alanine, valine, leucine, and isoleucine.  Group3-
glutamate, glutamine, arginine and proline.  Group4-aspartate, threonine, methionine, 
asparagine, and lysine.  Group5-serine, glycine, cysteine, and histidine.  As with the previous 
Bioscreen C growth curves, overnight cultures were subcultured to an OD600 of 0.01 and 
grown with the same settings.  GraphPad Prism was utilized for plotting.  For graphing 
clarity, certain data points were omitted as indicated in the figure legends.  
Cold Sensitivity Assays 
Growth Curves 
 Cold sensitivity assays were performed by manual growth curve analysis.  Overnight 
cultures were grown in LB broth at 37°C with shaking.  The following day, strains were 
subcultured into 125 ml baffled flasks to an OD600 of 0.01 into 25 ml of LB broth.  Cultures 
were grown in a 20°C shaking water bath and growth was monitored by measuring the OD600 
and the indicated time points.  Growth curves were generated using GraphPad Prism to plot 
OD600 vs. time. 
Colony-forming Ability 
 Colony-forming ability of mutant strains was assessed by observation of growth at 
20°C.  Both mutant and control strains were streaked for isolation on LB agar.  Plates were 
placed inverted in a 20°C incubator for 72 hours.  The ability of each strain to form isolated 






Colony Forming Unit (CFU) assay 
 To confirm the ratio of OD600 to live cells for any given strain, a CFU assay was 
performed.  Cultures were grown to stationary phase and OD600 values were measured.  The 
samples were then serially diluted to 10
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, were plated on LB media.  After approximately 8 hours of growth, colonies were 
counted and an average CFU/ml calculated for each strain.  These values were then divided 
by the original OD600 value of the strain to determine the CFU/OD600.  This experiment was 
completed with three biological replicates and the average CFU/OD600 was graphed using 
GraphPad Prism.  P-values were calculated via a one-way ANOVA comparing each test 
strain to the parental BL21. 
Metabolic Assays 
Glucose Fermentation Assay 
 Carbohydrate fermentation assays were performed utilizing the method described in 
Microbiology: A Laboratory Manual (76).  5 ml of Difco Purple Broth Base (Becton, 
Dickinson and Company (BD), Franklin Lakes, New Jersey) with 0.5% glucose was added 
to 13 mm test tubes containing an inverted 6 x 50 Durham tube.  A short (15 minute) 
autoclave session was used to sterilize the media and drive media into the inverted Durham 
tube.  If appropriate, antibiotics were added for the purpose of plasmid maintenance.  Media 
was stored at 4°C for future use.  Before the media was inoculated, it was allowed to reach 
room temperature.  10 μl of overnight cultures grown in LB media were inoculated into the 
fermentation tubes and samples were allowed to incubate at 37°C without shaking for 48 
hours.  Samples were visually inspected for color change from purple to yellow, indicating 
the production of acidic products during fermentation.  Qualitative inspection of the inverted 
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Durham tube allowed for determination of the production of gaseous products of 
fermentation through the visualization of a gas bubble trapped by the inverted tube.  
Nitrate Reduction Assay 
 Following the methods described in the text, Microbiology: A Laboratory Manual, 
strains were tested for their ability to reduce nitrates to nitrites (76).  5 ml of Difco Nitrate 
Broth (BD) was added to a 13 mm test tube and then sterilized by autoclaving.  When 
appropriate, antibiotics were added to the media.  Unused media was stored at 4°C until 
needed.  10 μl of overnight cultures grown in LB were added to the nitrate broth and tubes 
were allowed to incubate for 48 hours.  After incubation 50 μl of Reagent A (6 g/L of N,N-
Dimethyl-1-napthylamine in 5 M acetic acid) and 50 μl of Reagent B (8 g/L of sulfanilic 
acid in 5 M acetic acid) were added and cultures were observed for the rapid development 
of a red color.  A strong reaction and red color development after 30 seconds was considered 





Growth and metabolic abberations associated with deletion of rluC or rluE in 
BL21(λDE3) 
 
There are few documented phenotypes for strains lacking pseudouridine synthase 
genes. Of the few that are known, most have been shown to require specific genetic 
backgrounds to become apparent, and are thus strain-dependent (24, 25, 49).  For example, 
deletion of the rluD gene in the MG1655 background results in significant defects in growth 
and translation termination (30, 33, 45).  Suppressors of these defects have been found in the 
gene that codes for the protein, RF2, a translational release factor, of which MG1655 harbors 
an unusual allele (48, 49).  Restoration of normal growth can be accomplished by substituting 
in an allele of the coding gene, prfB, from an alternative genetic background, specifically 
BL21 (49).  A similar situation has been noted with deletion of rluC. Deletion of the gene 
bipA from MG1655 results in a series of defects in growth and ribosome assembly, 
particularly in cold temperatures (24, 51).  Subsequent deletion of rluC from these strains 
results in restoration of these aberrant phenotypes, even though, in MG1655, rluC deletion 
alone results in no identified growth defects or other aberrant behaviors (24, 25).  Although 
MG1655 and similar K-12 derivatives are commonly used background strains for research in 
this area, phenotypes from the deletion of the pseudouridine synthase genes have not been 
forthcoming in these strains.  Therefore, we hypothesized that utilizing a different genetic 
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background for deletion of the pseudouridine synthase genes could yield new phenotypes and 
thus new information on the function of pseudouridines in the ribosome. 
Deletion of rluC or rluE Affects Entry into Stationary Phase in BL21(λDE3) 
 A series of deletion strains were constructed in both MG1655 and BL21(λDE3), with 
each strain containing one rlu gene deletion.  We chose not to include deletions of rluD in 
this study because previous research had already characterized the phenotypes resulting from 
rluD deletion in MG1655 and their relationship to the BL21 strain (49).  Initial growth 
studies were performed in the Bioscreen C growth curve analyzer. All cultures were grown at 
37°C with a setting of “continuous shaking” selected and cultures were grown until all strains 
reached stationary phase. Although all strains exhibited a similar growth rates we noted that 
MG1655 achieved a higher OD600 value, indicative of a higher cell density, before entry into 
stationary phase than BL21(Figure 2A).  We also noted that, in agreement with previously 
published data (18, 27, 47), when grown at 37°C in LB broth, we did not see any growth 
abnormalities from the rlu deletions in MG1655, when compared to the parental strain 
(Figure 2B).  Similarly, deletion of rluA, rluB, or rluF did not alter the growth of BL21 
(Figure 2C).  However, deletion of rluC or rluE in BL21 resulted in strains that attained 
significantly higher stationary phase OD600 value than their parent (Figure 2C).  Interestingly, 
the growth of these two deletion strains was remarkably similar to the growth pattern of 
MG1655 (Figure 2A and Figure 2B).  
OD600 values are only a proxy for actual bacterial numbers, as they are just a measure 
of the ability of the media and its contents to diffract light; therefore OD600 values increase as 





Figure 2:  Deletion of rluC or rluE in BL21 results in increased stationary phase cell density: 
Strains were grown in a Bioscreen C growth curve analyzer in LB media as described in the 
materials and methods.  Samples were run in triplicate and graphs are a representative of a 
minimum of three biological replicates.  For graphing clarity only the 30 minute time points 
are shown.  Error bars represent the standard deviation.  (A) Comparison of the growth of the 
BL21 and MG1655 parental strains.  (B) Comparison of the growth of the MG1655 and 




values may not be directly comparable. Therefore, to confirm that the increase in OD600 was 
due to increased cellular numbers and not to changes in other factors, colony-forming unit 
assays were performed.  After the strains were allowed to grow to stationary phase, cultures 
were diluted and plated on LB agar plates.  The following day, average colony counts from  
these plates were divided by the OD600 of the original stationary phase cultures to calculate 
the CFU/OD600.  No differences were seen in the CFU/OD600 for any of the strains, indicating 
that at a given OD600 all cultures would have a similar number of cells (Figure 3).  This 
confirmed that the increased OD600 values observed were indeed from increased cell numbers 
and not likely from alterations in cellular morphology.   
 
 
Figure 3: Colony-forming unit studies indicate that higher stationary phase OD600 values are 
indicative of an increase in viable cells:  Cultures were grown to stationary phase and OD600 
values measured.  After sample dilution and plating as described in the materials and 
methods, colony counts were obtained and CFU values determined.  Error bars represent 





Glucose as a Carbon Source Results in a Unique Growth Pattern 
The increase in stationary phase cell density we described above may be a result of 
several factors including altered metabolism, sensitivity to metabolic waste products, or 
altered signaling for entry into stationary phase.  We began further study into possible 
mechanisms by utilizing M63 minimal media containing a variety of carbon sources.  This 
would allow us to look more closely at the effects of carbon metabolism on the previously 
observed phenotypes.  Glucose, glycerol, acetate, and pyruvate were chosen because their 
diverse points of entry into the ATP synthesis pathways would provide insight into possible 
metabolic deficiencies.  To increase the energy density of the media, when carbon sources 
other than glucose were used, the carbon source concentration of 0.8% was selected rather 
than the 0.4% used for glucose.  This improved interpretation of the results by decreasing 
variability and increasing overall growth rates so that carbon sources could be compared to 
one another more easily.   
For these experiments we utilized the Bioscreen C with identical settings to the 
previous experiments.  While the overall growth rates were slower than in rich media, strains 
grown in media containing glycerol (Figure 4A) or pyruvate (Figure 4B) all exhibited a 
similar pattern to that seen with growth in LB broth (Figure 3C).  We noted that with these 
carbon sources the BL21 parental strain reached a lower stationary phase OD600 than either 
the BL21ΔrluC, BL21ΔrluE strains or MG1655.  As with rich media, the exponential growth 
rates were also similar between strains (Figure 4A and Figure 4B).  When grown in acetate, 
even after 48 hours, the strains did not exhibit a leveling-off of their growth rate that would 
clearly indicate entry into stationary phase and so we were not able to draw clear conclusions 
about the stationary phase OD600 values (Figure 4C).  However, it should be noted that in this 
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media, as with the glycerol and pyruvate media, all the strains had similar growth rates 
during exponential growth (Figure 4A-C).  
 
 
Figure 4: Glucose as a sole carbon source results in a unique growth phenotype for 
BL21ΔrluC and BL21ΔrluE strains:  Strains were grown in a Bioscreen C in M63 media with 
various carbon sources as described in the materials and methods.  Samples were run in 
triplicate and graphs are a representative of a minimum of three biological replicates.  For 
graphing clarity only the 30 minute time points are shown.  Error bars represent the standard 
deviation.  (A) MG1655, BL21, and BL21ΔrluC (LMB274) or ΔrluE (LMB276) were grown 
in M63 media with glycerol as the sole carbon source.  (B) The same strains as in “A” were 
grown in M63 media with pyruvate as the sole carbon source.  (C) The same strains as in “A” 
were grown in M63 media with acetate as the sole carbon source.  (D) The same strains as in 
“A” were grown in M63 media with glucose as the sole carbon source. 
 
Interestingly, when glucose was the sole carbon source a very different result was 
seen (Figure 4D).  In this case, BL21 exceeded the stationary phase OD600 values seen with 
MG1655 and the BL21ΔrluC and BL21ΔrluE strains (Figure 4D).  As before, growth rates 
during exponential phase remained similar between strains.  Published literature regarding 
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the growth of BL21 strains and K-12 strains like MG1655 has identified metabolic 
differences between these strains in the areas of glucose metabolism and oxygen sensitivity 
(61, 62, 77) and our data support this.  This indicates that there may be some metabolic 
process or other growth related factor unique to glucose metabolism and/or low-oxygen 
tolerance that is altered in the rluC or rluE deletion strains.  
Supplementation of Amino Acids to Glucose Media Does Not Correct to a Rich Media 
Phenotype 
 
Altering the protein manufacturing machinery of the cell by removing rRNA 
modifications may leave cells more sensitive to decreases in amino acid concentrations or 
perturbations in amino acid synthesis.   We chose to investigate any role this phenomenon 
may be playing in our system by performing growth analyses in our M63 minimal media 
supplemented with amino acids.  The groupings chosen for the amino acid supplementation 
were based on the various biosynthetic pathways in order to provide insight into potential 
defects in amino acid biosynthesis.  The aromatic family, dubbed group 1, contains tyrosine, 
tryptophan and phenylalanine.  Group 2, also called the pyruvate family, contains alanine, 
valine, leusine and isoleucine.  We called the glutamate family group 3.  It contains 
glutamate, glutamine, arginine and proline.  Group 4 contains asparagine, threonine, 
methionine, aspartate, lysine and isoleucine, however, we chose to include isoleucine in 
group 2 and so it was left out of this group.  Group 5 is comprised of serine, glycine, and 
cysteine, all members of the serine family as well as histidine.  In each media type, all but 
one of the groups were supplemented.   
In media lacking any one of the groups, apart from group 4, the rluC and rluE 
deletion strains reached a lower stationary phase OD600 value than either the parental BL21 




Figure 5:  Growth alterations seen in the rluC and rluE deletion strains cannot be alleviated 
by amino acid supplementation:  Strains were grown in a Bioscreen C in M63 media glucose 
and amino acids as described in the materials and methods.  Samples were run in triplicate 
and graphs are a representative of a minimum of three biological replicates.  For graphing 
clarity only the 30 minute time points are shown.  Error bars represent the standard deviation.  
(A), BL21, and BL21ΔrluC (LMB274), ΔrluE (LMB276) or ΔrluA (LMB272) were grown in 
M63 media with glucose and all amino acid groups except group 1.  (B) The same strains as 
in “A” were grown in M63 media with glucose and all amino acid groups except group 2.  
(C) The same strains as in “A” were grown in M63 media with glucose and all amino acid 
groups except group 3.  (D) The same strains as in “A” were grown in M63 media with 
glucose and all amino acid groups except group 4.  (E) The same strains as in “A” were 






because it does not exhibit any of the other growth phenotypes we have yet observed (Figure 
2C).  This is the same growth pattern we noted for the M63 media with no supplementation 
(Figure 4D) and indicates that, under these conditions, amino acid production is not likely the 
reason for the altered growth we noted in the rluC and rluE deletion strains. 
In media lacking the group 4 amino acids we see a slightly different pattern of 
growth, where the rluC and rluE deletion strains have an extended lag phase before 
beginning logarithmic growth with the logarithmic growth rates and stationary phase OD600 
values being similar to the parental and ΔrluA strains (Figure 5D).  While interesting at first 
glance, this aberration appears to be a result of the unique combination of amino acids in this 
group, as several of the group 4 amino acids have a high ATP manufacturing cost.  Media 
lacking these amino acids will be significantly less favorable for growth and thus may be 
resulting in a unique metabolic state for these strains.  This seems plausible as the slightly 
lengthened lag phase may be indicative of the ΔrluC and ΔrluE cultures needing to make 
more robust changes to their transcriptome than the other two strains.  It is interesting to note 
that in media lacking either group 1 or group 2 amino acids, the BL21ΔrluC strain 
demonstrated more tolerance to the changes in nutrient availability than the BL21ΔrluE 
strain (Figure 5A and Figure 5B) while in the case of the group 5 amino acids the BL21ΔrluE 
strain was able to reach a higher OD600 than BL21ΔrluC (Figure 5E).  The mechanism behind 
these differences is unclear and may prove a fruitful avenue for exploring any potential 
mechanistic differences between the phenotypes seen with these two strains.   
Growth Phenotype Appears to be Oxygen-Dependent 
The results obtained thus far indicate that the rluC and rluE deletion strains may be 
exhibiting altered glucose metabolism, particularly when cultures reach higher densities.  
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There are several possible explanations for variability in the entry into stationary phase 
including an alteration in stationary phase signaling or an altered metabolism during the 
environmental conditions present in the high cell density conditions.  Because we identified a 
unique phenotype when glucose is the sole carbon source, general aberrations in stationary 
phase entry are not likely, as we would not necessarily expect to see differences with changes 
in metabolites.  However, these data provide strong evidence to support the hypothesis that 
there is some environmental condition present when cell density increases that affects 
glucose metabolism.   
When considering the environmental conditions present at high cell density in our original 
experiments, we noted several unique features of the Bioscreen C growth curve analyzer.  In 
particular, the 100 well plate used has flat bottomed wells that measure just 7 mm in diameter 
(Figure 6).  These small wells only allow for loading of a small sample volume and even 
when used on a setting of “continuous shaking” will provide minimal aeration due to the lack 
of baffling.  Whereas minimal aeration may be sufficient when culture densities are low, as 
in the early stages of our growth studies, we hypothesize that, at higher cell densities, the 
minimal aeration provided becomes insufficient.  Under these conditions of reduced 
oxygenation, the deletion of rluC or rluE alters the ability of BL21 to metabolize 
carbohydrates, in particular glucose. 
To test our “poor oxygenation” hypothesis, we employed a custom-designed 
apparatus that would allow us to extract culture samples as frequently as we chose without 
introducing external atmosphere.  This apparatus consisted of a 125 ml Erlenmeyer flask with 
a rubber stopper that would tightly seal the flask once inserted.  Through this stopper, we 





Figure 6: Bioscreen C automated growth curve analyzer honeycomb plate:  The honeycomb 
plates utilized in the Bioscreen C have 100, flat-bottomed wells with a diameter of 
approximately 7mm. 
 
capillary tubing which was long enough to extend to the bottom of the flask.  After 
subculturing into LB media, we stoppered the flask and capped the exposed end of the needle 
with a 1 cc syringe.  These cultures were grown without shaking at 37°C.  Growth of these 
cultures was then compared against cognate samples grown in similar flasks with loose-
fitting caps and vigorous shaking.   
Our hypothesis would predict that under the highly oxygenating conditions we would 
see little to no differences between the BL21 parent strain and the rluC and rluE mutants and 
this is confirmed by our well-oxygenated condition growth curves (Figure 7A).  Unlike the 
cultures grown in the Bioscreen C, the growth curves from all the strains, generated from 
these optimal aeration conditions appear nearly identical.  Also in agreement with the above 
hypothesis, when aeration was limited during growth in our custom apparatus we observed 
an exacerbation of the growth changes we noted in the Bioscreen C curves (Figure 7B).  
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BL21 exhibited extremely poor growth and reached a very low final OD600 value while the 
BL21ΔrluC and BL21ΔrluE strains were far less affected by the lower oxygen levels (Figure 
7B).  While the growth of the BL21 parental strain plateaued at the 5 hour time point, the two 
deletion strains continued to increase cell density for an extended period of time and by the 
end of the analysis period had reached a far higher OD600 (Figure 7B).   Interestingly, unlike 
many of the Bioscreen C growth curves, where the BL21ΔrluC and ΔrluE  and the alternate 
parental strain, MG1655, grew to similar OD600 values, this extreme condition results in an  
 
 
Figure 7:  Culture aeration exacerbates the growth differences between the BL21ΔrluC and 
BL21ΔrluE strains and their parent:   Strains were grown in either full aerated flasks or in the 
custom-designed flasks as described in the materials and methods.  Growth was monitored at 
the indicated time points.  Graphs are a representative of a minimum of three biological 
replicates.  (A) MG1655, BL21, and BL21ΔrluC (LMB274) or ΔrluE (LMB276) were grown 
with vigorous shaking in baffled flasks with loose-fitting caps to maximize aeration.  (B)  






intermediate phenotype for the rlu deletion strains (Figure 7B).  This indicates that, while in  
the less extreme environment provided in the Bioscreen C the rluC and rluE deletions result 
in an MG1655-like growth pattern, the deletions do not result in a robust complementation of 
the deficient growth of the BL21 strain under more extreme conditions.  This evidence 
strongly supports our hypothesis that oxygenation plays a key role in the phenotypes we have 
observed.   
Metabolic Indicators of Low Oxygen Tolerance are Altered in Strains Lacking rluC or rluE 
Our data up to this point indicated that deletion of rluC or rluE in BL21 resulted in 
improved tolerance to low-oxygen conditions and that these strains exhibited altered growth, 
particularly in glucose, when compared to the BL21 parent.  These two phenomena led us to 
question if there were any differences in low-oxygen metabolism of glucose, in particular, in 
glucose fermentation.  In order to look directly at the process of glucose fermentation, we 
employed a carbohydrate fermentation assay with glucose as the sole carbon source. By 
inspecting the media for color change from purple to yellow after incubation, we were able to 
determine if glucose was fermented to produce acidic products.  This test also allowed for the 
detection of gaseous products of fermentation by trapping them in the inverted Durham tube.  
In agreement with published data (62), while the BL21 strain is able to reduce the pH of the 
fermentation media sufficiently to change the indicator color, the inverted Durham tube 
trapped no gaseous products (Figure 8 and Table 1).  MG1655 also performs like previous 
data suggest (62) and both reduces the pH of the media and produces a robust gas bubble in 





Figure 8:  Deletion of rluC or rluE in BL21 results in increased gas production during 
glucose fermentation.  Fermentation tubes were inoculated and allowed to incubate for 48 
hours at 37°C without shaking.  Acid production was identified by observation of color 
change from purple to yellow and gas production was noted by identification of a gas bubble 
trapped by the inverted Durham tube.  Studies were performed with a minimum of three 
biological replicates. Arrows indicate gaseous products trapped by the inverted Durham tube. 
 
 







BL21 + - 
BL21ΔrluC + + 
BL21ΔrluE + + 
MG1655 + + 
BL21Δfnr + - 
BL21ΔrluCΔfnr + + 
BL21ΔrluEΔfnr + + 
MG1655Δfnr + + 
 
Fermentation tubes were inoculated and allowed to incubate for 48 hours at 37°C without 
shaking.  Acid production was identified by observation of color change from purple to 
yellow and gas production was noted by identification of a gas bubble trapped by the 





and BL21ΔrluE deletion strains both decrease pH and produce gas bubbles of a similar size 
to MG1655, indicating these strains have gained the ability to produce gaseous products 
during fermentation (Figure 8 and Table 1).  These data strongly support our hypothesis that 
the phenotypes seen are a result of altered low-oxygen metabolism. 
If the differences seen in the BL21ΔrluC and BL21ΔrluE strains are a result of an 
altered regulatory factor we would anticipate that these strains would behave differently from 
their parent in other low-oxygen-related metabolic assays.  To confirm this, we conducted 
nitrate reduction tests, as the ability to utilize nitrate as an alternative electron acceptor is 
regulated in a similar fashion to other low oxygen processes.  These regulatory networks 
include the production of the hydrolases responsible for gas production in glucose 
fermentation (68).  As with the carbohydrate fermentation assays, both BL21 and MG1655 
behaved as published data would suggest (61).  BL21 was unable to reduce nitrates to 
nitrites, indicating this strain is unable to utilize this alternative electron acceptor (Table 2).  
MG1655, however, was readily able to reduce nitrates to nitrites and therefore had use of  
 












Nitrate reduction media was inoculated and allowed to incubate for 48 hours at 37°C without 
shaking.  After addition of reagents “A” and “B” (described in Materials and Methods) media 
was observed for development of a bright red color.  Color development within 30 seconds 





these alternative electron acceptors (Table 2).  In agreement with our hypothesis, both the 
BL21ΔrluC and BL21ΔrluE strains showed robust reduction of nitrates to nitrites, 
demonstrating another gain-of-function in a low oxygen metabolic pathway (Table 2). When 
taken in context with the Bioscreen C and low oxygen growth curves, this metabolic 
information indicates that BL21 and MG1655 have different metabolic profiles under low 
oxygen conditions and that deletion of rluC or rluE alters the profile of the BL21 strain to 
more closely resemble MG1655. 
Changes in the Cellular Levels of FNR Cannot Adequately Explain the Identified Phenotypes 
 As we have noted above, in many instances, the BL21ΔrluC and ΔrluE strains appear 
to behave more like MG1655 than their parent, BL21.  We, therefore, investigated whether 
some known difference between BL21 and MG1655 could account for the phenotypic 
differences we see in the ΔrluC and ΔrluE strains.  Interestingly, published work has 
demonstrated that BL21 is defective in FNR production, as the fnr gene in this strain contains 
a point mutation at codon 141 which results in a premature amber (UAG) codon and an 
unstable, rapidly degraded protein product (61).  FNR is a global transcription factor that is 
the primary regulator of the transition from high to low oxygen growth (68).  The regulon of 
FNR includes, among many others, the hydrolases responsible for gas production during 
glucose fermentation and the nitrate reductases that allow for the utilization of nitrogen as an 
alternative electron acceptor (68, 72).  Thus, we hypothesized that alterations in the cellular 
expression of FNR could account for the collection of phenotypes associated with deletion of 
rluC or rluE.   
 Deletion of another of the pseudouridine synthase genes, rluD, has been associated 
with read through of stop codons in the presence of an unusual allele of the translation 
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release factor gene, prfB (49).  It was because of this previous association with read-through 
of stop codons and deficient translation termination that we then hypothesized that deletion 
of rluC or rluE in the BL21 background may also result in read through, particularly at the 
premature stop codon of the BL21 fnr gene.  This read-through could result in the production 
of stable, functional FNR and a resumption of proper FNR regulation.  To determine if 
increased cellular levels of FNR could alter the growth phenotype seen with BL21, we 
complemented the defective fnr gene in trans with the pGS27 plasmid.  This plasmid is 
constructed with the K-12 region of the chromosome  that contains fnr and its promoter and 
has been shown to produce functional FNR in vivo (67).  In support of our hypothesis, 
growth of the pGS27-containing strain grew to a higher stationary phase OD600 than the 
BL21 parental strain (Figure 9).  Although the plasmid- containing BL21 strain was not able 
 
 
Figure 9: Complementation of fnr in trans partially alleviated the growth defect of BL21:  
Growth of BL21 containing the plasmid pGS27 was compared to both MG1655 and the non-
complemented BL21 strain. Strains were grown in a Bioscreen C as described in the 
materials and methods.  Samples were run in triplicate and graphs are a representative of a 
minimum of three biological replicates.  For graphing clarity only the 30 minute time points 





to reach the same stationary phase OD600, this indicates that at least some of the observed 
effects of the rluC or rluE deletions could potentially be attributed to increased regulation by 
functional FNR. 
If the deletion of rluC or rluE in BL21 is resulting in read-through of the premature 
stop codon found in fnr, then we would predict that a complete deletion of fnr would result in 
similar phenotypes to the BL21 strain and that it would not be suppressible by the rluC or 
rluE deletions.  That is, the metabolic defects of the BL21 strains would not be suppressible 
because read-through of the stop codon would require the presence of the defective fnr allele 
and by replacing that gene completely with an antibiotic cassette we would remove any 
chance of translation of any fnr product.  If our hypothesis is correct, deleting fnr from either 
BL21ΔrluC or BL21ΔrluE would result in those strains losing their gain-of-function ability to 
produce gas during glucose fermentation or utilize nitrates as an electron acceptor.  
Disappointingly, in strains lacking both fnr and rluC or rluE, these metabolic functions were 
not lost (Table 1 and Table 2).  Thus, these results indicate that read through of the premature 
stop codon in the fnr gene cannot be the functional explanation for these phenotypes.  Further 
studies involving other regulators of the low oxygen response system may elucidate the 
mechanism behind this collection of phenotypes.
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Construction and Characterization of an Escherichia coli Strain Lacking All Ribosomal 
Pseudouridine Synthases 
  
While it has been shown that ribosomes lacking all pseudouridine modifications will 
function in vitro, their function in vivo has not been investigated (19, 20).  Previous research 
has demonstrated that single deletions of the rsuA, the rlu genes A, B, C, E, and F as well as 
up to three of these synthases in various combinations can be deleted from MG1655 without 
adverse effects on growth (25, 27, 47, 78).  However, in this strain background, deletion of 
rluD results in significant growth aberrations (30).  Because of this, MG1655 would not be a 
suitable background for constructing a strain lacking all of the ribosomal synthase genes, as 
any variation in growth caused by the combining of multiple deletions would be masked by 
the strong phenotype of the rluD deletion.  Interestingly, the rluD phenotypes seen in 
MG1655 are not observed in the BL21 background, as the MG1655 allele of the prfB gene, a 
translation release factor, is very unusual and not found in the E. coli B strains (49).  Other 
than the phenotypes noted earlier in this work, there are no documented phenotypes for 
deletion of any of the ribosomal pseudouridine synthases in the BL21(λDE3) strain and 
therefore it was selected as a suitable background to attempt construction of a series of 
multiple deletion strains.  Utilizing this strain collection we would then be able to look at 
growth and other phenotypes associated with ribosome assembly and function. 
Construction of an E. coli Strain Lacking All Ribosomal Pseudouridine Synthases is Possible 
 Because pseudouridines may play a role in rRNA stability, rRNA structure and 
various RNA-RNA and RNA-protein interactions, it was possible that the ribosomes 
produced from strains lacking all or a majority of the ribosomal pseudouridine modifications 
may be too unstable to support cellular functions.  Thus, we were unsure if we would be able 
to delete the entire repertoire of the seven ribosomal pseudouridine synthase genes, rluA, B,
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C, D, E, F and rsuA.   We chose to attempt construction of a series of strains lacking the 
synthase genes in various combinations, from single mutations up to all seven in a single 
strain if possible.   
 Deletions of rluA, rluC, and rluF were completed by phage transduction of a 
kanamycin resistance cassette that contained a resolvable antibiotic element flanked by “res” 
sites.  The resolution of the kanamycin was completed via conjugation with the S17-1 
λpir/pJMSB8 strain.  The remaining deletions, rluB, rluD, rluE and rsuA were also 
kanamycin resistance cassettes, but were resolvable via flanking “frt” sites that would 
recombine via the FLP recombinase.  A detailed explanation of these techniques can be 
found in Chapter II.  Through these systems we were able to sequentially construct strains 
containing multiple deletions without needing multiple antibiotic markers and with minimal 
risk of polar effects. 
 While published data has shown that construction of a strain lacking up to three of the 
ribosomal synthases was possible, it was unknown if four or more deletions in a single strain 
would result in functional ribosomes and viable cells.  From a total of three different three-
deletion strains, we constructed two different four-deletion strains, LMB387 and LMB388 
(Table 3).  A derivative from each of these was used to produce a five-deletion strain, 
LMB338 and LMB339 (Table 3).  Transduction to remove rluD was completed with a 
derivative of each of these strains and resulted in LMB343, a strain lacking rlus A-F (Table 
3).  The final strain, lacking all six of the rlu genes and rsuA was dubbed LMB353 (Table 3).  
In no cases did construction of the various strains take more than two to three transduction 
attempts, confirming the non-essential nature of these genes, even when deletions were 
combined.       
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Table 3: Deletion of multiple pseudouridine synthase genes is possible in Escherichia coli. 
Strain Name Number of Deletions Deleted Synthases Genes 
LMB272 1 rluA 
LMB273 1 rluB 
LMB274 1 rluC 
LMB276 1 rluE 
LMB277 1 rluF 
LMB281 2 rluA, C 
LMB312 2 rluC, D 
LMB283 3 rluA, B, C 
LMB284 3 rluA, C, E 
LMB285 3 rluA, C, F 
LMB287 4 rluA, B, C, F 
LMB288 4 rluA, C, E, F 
LMB338 5 rluA, B, C, E, F 
LMB339 5 rluA, B, C, E, F 
LMB343 6 rluA, B, C, D, E, F 
LMB353 7 rluA, B, C, D, E, F, rsuA 
Utilizing a combination of techniques described in the materials and methods, deletions of 
various pseudouridine synthase genes were combined into a series of E. coli BL21 strains.  
Up to and including all seven ribosomal gene deletions were constructed in a single strain. 
 
Growth of Synthase-lacking Strains Under Various Laboratory Conditions 
 As we demonstrated in the previous chapter, deletion of either rluC or rluE in the 
BL21 background results in increased stationary phase OD600 values when grown in LB 
media at 37°C in the Bioscreen C (Figure 1C).  However, these differences were alleviated 
under conditions of high oxygenation (Figure 7A) and so, to eliminate any ambiguity 
resulting from the phenotypes of the rluC and rluE mutants, we chose to pursue studies of the 
combination mutants under conditions of high oxygenation.  Growth of the combination 
mutants under these ideal conditions, in LB media at 37°C resembled their parental BL21 
strain (Figure 10).  We saw no differences in the length of lag phase, the growth rate during 
logarithmic phase or the stationary phase OD600 values attained as compared to the BL21 





Figure 10:  Under ideal conditions, deletion of all seven ribosomal pseudouridine synthase 
genes does not result in growth aberration.  Cultures were grown in LB media at 37°C, in 
baffled flasks with vigorous shaking and growth was monitored via measurements of OD600 
values at the indicated time points.  Graph is a representative of three biological replicates. 
  
As noted above, several suggestions for the function of rRNA pseudouridines involve 
their role in altering RNA structures and therefore the ability of ribosomes to properly 
assemble (79).  One hallmark of deletion of ribosome assembly factors is poor growth in cold 
temperatures (22).  Because ribosomal pseudouridines have been hypothesized to play a role 
in ribosome assembly (79), we chose to analyze the growth of the combination mutants under 
cold temperature conditions.  When grown on solid LB media at 20°C, BL21 and both the 6 
deletion and 7 deletion strains grew similarly (Figure 11).  All the BL21 derivatives tested 
were able to form colonies in less than 72 hours (Figure 11).  For comparison, strain 
LMB100 is an MG1655 mutant lacking bipA, and has been shown in several previous studies 
to be cold sensitive (24, 25, 51).  This strain was unable to form isolated colonies on the LB 
agar at 20°C (Figure 11).  This resistance to cold temperatures is also evident when strains 
are grown in liquid LB media.  None of the single or combination mutants exhibited a growth 
defect when in well oxygenated liquid LB media grown at 20°C (Figure 12).  These data 
agree with previous data from the single rluC deletion in MG1655, which has never 




Figure 11:  Deletion of all seven ribosomal pseudouridine synthase genes does not result in a 
loss of colony-forming ability in cold temperatures.  Strains were streaked for isolation on 
LB agar and place at 20°C for 48 hours.  After incubation, plates were photographed and 
inspected for the ability to form isolated colonies. 
 
 
Figure 12:  Deletion of all seven ribosomal pseudouridine synthase genes does not result in 
growth aberrations in cold temperatures.  Cultures were grown in LB media at 20°C, in 
baffled flasks with vigorous shaking and growth was monitored via measurements of OD600 
values at the indicated time points.  Graph is a representative of three biological replicates.
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in strains lacking all ribosomal pseudouridine synthases, serves to downplay the potential 
role for pseudouridines in ribosome assembly.  Further studies involving other phenotypes 
associated with deletion of ribosome assembly factors as well as ribosome profiles and rRNA 
analyses will be needed to either confirm or deny the role for pseudouridines in ribosome 







 Ribosomal pseudouridine modifications are highly conserved throughout evolution 
yet their biological functions remain largely unknown.  However, none of the pseudouridine 
synthase genes are essential in E. coli and deletion rarely results in a phenotype under 
laboratory conditions.  This has made these ribosomal modifications a conundrum, as 
evolutionarily conserved genes or processes typically serve a significant or essential role 
(80).   
 While the chemical properties of pseudouridines have led to the hypothesis that these 
modifications may influence RNA secondary structure formation or other process of 
ribosome assembly, deletions of many of the pseudouridine synthase genes have not been 
shown to exhibit any of the hallmarks of deficient ribosome assembly, such as cold 
sensitivity or changes in subunit ratios in ribosome profiles (24, 25).  In certain genetic 
backgrounds deletion of rluD results in both rRNA defects and a significant growth defect; 
however, these phenotypes have been shown to be strain-dependent (30, 49).  Deletion of this 
gene from an alternative laboratory strain, BL21(λDE3), has been shown to have minimal 
effects on growth (49).  All other pseudouridine synthase gene deletions did not demonstrate 
an aberrant growth in the MG1655 strain and so, were already considered non-essential.  It 
was because we would be able to delete all of the pseudouridine synthase genes in the same 
strain background that we chose to work in the BL21 background.  This would allow us to
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compare all of the single deletion strains and potentially combine multiple deletions all in the 
same background.   
Identification and Characterization of New Phenotypes for Deletion of rluC or rluE 
While performing preliminary growth analyses on the single rlu gene deletion strains, 
we identified a growth difference between the BL21 and MG1655 parental strains.  However, 
when one considers the documented differences between these two common laboratory 
strains this difference is not unexpected.  With several insertion elements and hundreds of 
SNPs different between these two strains, we were not necessarily surprised to see growth 
and metabolic aberrations.  As we expected, deletion of rluA, rluB, rluC, rluE, and rluF in 
MG1655 did not alter growth.  However, what we did not foresee was the difference in 
growth identified between the BL21 parental strain and the BL21ΔrluC and BL21ΔrluE 
strains. In several media types we noted that deletion of either rluC or rluE in the BL21 strain 
resulted in higher stationary phase OD600 values than the BL21 parent.  To our knowledge, 
this is the first time a growth phenotype has been identified for deletion of either rluC or rluE 
and the first phenotype of any kind identified for the deletion of rluE. 
 Minimal media with glucose as the sole carbon source was the only tested media that 
altered the previously described phenotype.  In this context, the OD600 values reached by the 
BL21ΔrluC and BL21ΔrluE mutants were less than that of the parental strain.  This indicates 
that the observed phenotype was connected to the ability of these strains to utilize glucose.  
However, as the major differences in growth were only apparent during stationary phase, we 
hypothesized that there must also be some unique environmental factor or biological process 
associated with the entry into stationary phase that was altering the metabolism of glucose in 
the deletion strains. 
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 When considering the environmental conditions present in our cultures during the 
transition from exponential growth to stationary phase, we noted that the honeycomb plates 
used in the Bioscreen C may not be providing ideal aeration especially when cultures become 
dense.  The small wells have flat bottoms that are unlikely to provide adequate aeration, 
especially when the cell cultures become dense.  Because of these culture conditions, we 
hypothesized that the rluC and rluE deletion strains were able to respond to low 
environmental oxygen levels differently than the BL21 parental strain, particularly with 
regard to the ability to metabolize glucose. 
 When we grew our cultures in an ideally oxygenated environment, meaning baffled 
flasks with vigorous shaking, all the tested strains grew with no discernible differences, 
including the two laboratory strains, BL21 and MG1655.  However, our growth studies in 
our custom-designed, low-oxygen environment flasks demonstrated that the BL21 parental 
strain was impaired in its growth.  The exponential phase growth rate was reduced and this 
strain reached a lower final OD600 than that of MG1655.  Also, BL21ΔrluC and BL21ΔrluE 
did, in fact, show increases in both the exponential phase growth rate and the final OD600 
value when compared to the parental BL21 strain.  While deletion of rluC or rluE was not 
able to completely complement the growth defect of BL21, this result is in agreement with 
our hypothesis that low oxygenation may be a factor in the growth phenotype we noted in our 
earlier growth curves.  
 Bacterial cells must make significant changes to their metabolism in order to survive 
in low oxygen conditions and maintain a sufficient supply of ATP to power the necessary 
cellular processes.  This is accomplished by utilizing alternative electron acceptors or 
shunting energy rich compounds through less efficient metabolic pathways.  As we felt it was 
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highly unlikely that either pseudouridines or pseudouridine synthases play a role directly in 
glucose metabolism or growth in low oxygen conditions, we reasoned that deletion of rluC or 
rluE alters levels of either transcription, or more likely translation, of a metabolic regulator 
responsible for governing these processes.  We examined two metabolic indicators of cellular 
ability to adapt to low oxygen environments, namely the ability to utilize nitrate as an 
alternative electron acceptor and the ability to ferment glucose to produce both acidic and 
gaseous end products.  In both these cases we observed that deletion of rluC or rluE restored 
a defective metabolic process of the BL21 parental strain.  The BL21 strain was not able to 
reduce nitrates to nitrites, and would therefore be at a significant disadvantage when growing 
under low oxygen conditions.  Being able to utilize nitrates is pivotal to maintaining ATP 
production from the process of oxidative phosphorylation as without an alternative to oxygen 
as an electron acceptor the process will cease.  Also, because the BL21 strain lacks the ability 
to produce gaseous products at the end of glucose fermentation, it would struggle to produce 
adequate amounts of ATP through the fermentative pathways.  This pathway defect would 
result in the accumulation of potentially toxic products that would not diffuse out of the 
media as the gaseous products would.  However, in both cases, deletion of rluC or rluE 
results in restoration of these abilities and improved growth under low oxygen conditions.  
This implicates some regulatory factor, one that controls metabolism under low oxygen 
conditions, as a mediator of this collection of phenotypes we have so far observed. 
 Because the BL21ΔrluC and BL21ΔrluE strains behaved more like the alternative 
laboratory strain, MG1655, than their parent, BL21, we investigated whether there is some 
genetic difference between MG1655 and BL21 that may be linked to our observations.  This 
difference would need to explain both the growth and the metabolic differences noted 
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between the two parent strains and be something that would be a likely candidate for 
alteration by deletion of either rluC or rluE deletion.  As metabolism is such an essential 
cellular function, there are few master regulators that could be responsible for altering such 
intrinsic properties.  In fact, in E. coli, the response to changing oxygen levels has only two 
major regulatory systems that control expression of this gene network, FNR and the ArcAB 
two-component system.  Although the ArcAB system does regulate several genes responsible 
for metabolism, it has not been implicated in governing gene expression during anaerobic 
growth and therefore, we felt would not be the likely regulator of the responses we have 
noted.   
As FNR has been described as the primary regulator of the low oxygen growth 
response, this made this regulon seem a more credible target for further investigation.  
Interestingly, the genetic studies comparing various laboratory strains of E. coli showed that 
BL21 is defective in FNR production (61).  The fnr gene in this strain has a point mutation 
that results in a stop codon at amino acid 141.  The resulting truncated protein cannot 
dimerize or bind to DNA and is therefore non-functional, unstable, and rapidly degraded 
(61).  We also noted that the strain-dependent phenotype associated with deletion of rluD 
was a result of significant read-through of stop codons (48).  From this we hypothesized that 
deletion of rluC or rluE in the BL21 allowed read-through to occur at the stop codon of the 
fnr gene, thus resulting in a small but significant quantity of functional FNR protein and the 
re-establishment of FNR regulation.  While the phenotypes associated with deletion of rluD 
involve high levels of read through at all three of the stop codons, such unbridled termination 
failure would not be necessary in this case.  As FNR is a transcriptional regulator, only a 
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small amount of full-length protein would be needed to allow for establishment of regulation 
at the high-affinity DNA binding sites. 
In examining whether complementation of the defective FNR gene in the BL21 strain 
could indeed result in increased stationary phase OD600 values, we found that the pGS27 
plasmid, which has a small region of the MG1655 chromosome containing that strain’s 
functional fnr gene, did indeed increase growth in the less-than-ideal growth conditions of 
the Bioscreen C.  This showed that by providing exogenous FNR we could replicate at least 
one of the observed phenotypes observed for the deletion of rluC or rluE.  However, this did 
not confirm the importance of FNR itself in this process, as the exogenous FNR might alter 
the expression of another gene that is the actual functional reason for the phenotypes seen 
with deletion of rluC or rluE.   
 If, as our hypothesis states, read-through of FNR was the reason for the growth and 
metabolic differences, deletion of FNR from the BL21ΔrluC and BL21ΔrluE strains would 
abolish these phenotypes.  Disappointingly this was not the case, as BL21 strains lacking 
both rluC and fnr, or rluE and fnr were still able to reduce nitrates to nitrites and produce gas 
during glucose fermentation.  This indicates that FNR derived from the BL21 chromosome 
cannot be the source of the phenotypes we have identified.  From this we concluded that 
alterations in gene expression must be occurring downstream of the regulation of FNR but 
within the FNR regulon, as the identified phenotypes all indicate that expression of genes 
from this regulatory network are altered in the BL21ΔrluC and BL21ΔrluE strains. 
The RluE pseudouridine is placed at location 2457 of the 23S rRNA, and one of the 
three RluC modifications is place at location 2504, just 47 nucleotides away (18).  These 
pseudouridines are located near one another in the peptidyl transferase region of the rRNA 
57 
 
and this proximity may be the reason that deletion of either one of these genes results in a 
similar collection of phenotypes (81).  Interestingly, a strain lacking both the rluC and rluE 
genes did not exhibit any additive growth changes, therefore, it may be that the loss of a 
single modification to this conserved rRNA region is sufficient to alter ribosome function.  
However, there is currently no direct evidence for this hypothesis. 
 There are several unanswered questions regarding the above described phenotypes.  
First and foremost is: “What is the regulatory mechanism driving these metabolic changes?”  
Further work using quantitative RT-PCR may prove useful in determining which branches of 
the FNR gene network are dysregulated in the rluC and rluE deletion strains.  These results 
will direct study to the transcription factors and other regulatory elements responsible for the 
more specific set of dysregulated genes and should clarify at which level of regulation these 
altered ribosomes mediate these effects.  However, with currently available data any 
speculation as to what these targets may be would be very premature. 
 The other, and arguably more important, questions derived from this study are: “What 
role do ribosomal pseudouridines and pseudouridine synthases play in gene regulation?” and 
“What is the purpose of ribosomal pseudouridine modification in cell function?”  With so 
little known about what roles rRNA modifications serve, these questions are truly at the heart 
of current research. While there is little out there to support any one hypothesis regarding 
specific roles, I propose the following: 
1. Ribosomes exist in a heterogeneous mixture of populations, each population varying 
with regard to their modification status. 
58 
 
2. Each population of ribosomes provides preferential translation of a specific subset of 
mRNAs.  This preference is guided by interactions either helped or hindered by the 
rRNA modification status. 
3. The population ratios may change as different environmental pressures or cellular 
needs dictate, in a similar manner to how mRNA transcript levels are adjusted.  This 
would provide another layer of cellular control over protein production. 
In the context of this study, my hypothesis would argue that in ribosomes lacking the 
modifications placed by RluC or RluE, there would be preferential translation of mRNA 
from genes responsible for the identified phenotypes.  Under conditions with high oxygen the 
naturally occurring population of ribosome may be small, as would quantity of the mRNA 
these ribosomes would preferentially translate and so you would see very little translation.  In 
conditions of low oxygen, the hypothesis would predict that as there is an increase in the 
quantity of the mRNA for these genes, this ribosomal population would become more active 
and together these individual changes would lead to the significant increase in the expression 
of genes required for low-oxygen tolerance that we would expect.  In the BL21 strain, which 
is lacking a functional regulator of the low-oxygen response and would have difficulty 
generating the necessary increase in mRNA, these cells would struggle to respond to the low 
oxygen environment.  However, in the mutant strains, where the entire ribosome population 
is lacking the RluC or RluE modifications, the small amount of transcribed mRNA that is 
produced without the positive regulation from FNR, would be preferentially transcribed by 
the full complement of ribosomes and therefore may be expressed at much higher levels than 
in wild-type cells. 
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My hypothesis is not completely unfounded.  mRNAs are known to be pseudouridylated 
differentially in several species of yeast and in human cells, based on growth phase of the 
cultures, indicating that pseudouridine synthases can be regulated based on cellular needs 
(40).  Other rRNA modifications in E. coli have been shown to only exist in a subset of 
ribosomal RNAs, demonstrating that there are already known sub-populations of ribosomes 
(82).  But, by far the most intriguing fact is that pseudouridylation status has been shown to 
alter expression of mRNAs and has been used to induce codon variation during translation 
(36, 38, 54, 83).  Taken together, these support the above hypothesis that ribosomes exist as a 
collection of sup-populations, each one preferentially translates a subset of mRNAs, and that 
this preference is determined by the intrinsic chemical properties of the interacting RNA 
species, which can be altered by RNA modifications such as pseudouridines. 
Construction and Characterization of an Escherichia coli Strain Lacking All Ribosomal 
Pseudouridine Synthases 
 
 While studies from E. coli indicated that functional ribosomes could be assembled 
lacking multiple pseudouridine modifications (20), others in eukaryotic organisms indicated 
that combining multiple deletions leads to additive growth defects (53).  This ambiguity led 
us to question what minimum rRNA pseudouridylation state was necessary to support 
cellular function.  We hypothesized that if we were able to determine the particular 
combination of pseudouridine modifications that would be necessary to support proper 
assembly and translation in vivo, we could determine if the modifications were contributing 
to specific necessary structural changes or binding of r-proteins or other accessory factors.  
We also believed that by constructing a series of pseudouridine synthase deletion strains, we 
would be able to test a majority of possible deletion combinations.  Through these strains we 
hoped to determine if E. coli exhibited either an additive growth defect similar to that noted 
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in higher organisms, a growth defect when the modification from a certain region were 
missing, or possibly, no defect at all.   
 We found that deletion of all the pseudouridine synthase genes, the 6 large subunit 
synthase genes and the single synthase gene for the small subunit, was possible in BL21.  A 
single strain lacking all 7 of these genes exhibited no obvious growth defects when grown 
under ideal laboratory conditions of 37° with rich media and vigorous shaking as well as in 
cold temperatures (20°C).  As cold temperature growth defects are often associated with 
faulty ribosomal assembly, a lack of growth defect in these conditions suggests that these 
ribosomes assemble correctly even in this less-than-ideal environment.   
  The ability to delete all of the rRNA pseudouridine synthase genes from a single 
strain of E. coli both confirms the non-essential nature of the enzymes and the modifications 
under our laboratory conditions as well as demonstrates that, unlike some higher organisms, 
there are no cumulative growth defects associated with the loss of these modifications.  
Being able to study ribosomes lacking all of the various combinations of modifications may 
prove fruitful in determining what role these modifications play in the overall ribosomal 
structure.   
Recent studies have shown that there is a market for bioengineered ribosomes in 
industrial settings and in designing these unique constructs, scientists have been able to refute 
some previously held assumptions regarding what is necessary for proper ribosomal function.  
In particular, the ability to engineer a ribosome with subunits that are tethered by a shared 
rRNA species has shown that subunits do not need to completely separate to allow for 
cycling on and off mRNAs (84).  While many were skeptical that these tethered ribosomes 
could support growth, there was interest in developing a system that would ensure 
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specifically altered 16S and 23S rRNAs would combine into a homogeneous ribosome 
population in an organism with multiple rRNA operons.  This unique construct was able to 
support growth of E. coli in the absence of wild type ribosomes and was used to create an 
orthogonal ribosome-messenger RNA system (84).  Because targeted pseudouridylation of 
mRNA has been shown to alter translation efficiency and codon recognition (36, 38, 40, 85), 
it may be that the use of directed pseudouridylation in otherwise non-modified ribosomes 
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Plasmid Genotype Reference 
pCP20 EcoR1 digest of λG70 phage 







plasmid with Ts replication 







1.  Park Y-J, Song E-S, Noh T-H, Kim H, Yang K-S, Hahn J-H, Kang H-W, Lee B-M. 2009. 
Virulence analysis and gene expression profiling of the pigment-deficient mutant of 
Xanthomonas oryzae pathovar oryzae. FEMS Microbiol Lett 301:149–155. 
2.  Dethlefsen L, Schmidt TM. 2007. Performance of the translational apparatus varies with the 
ecological strategies of bacteria. J Bacteriol 189:3237–3245. 
3.  Wilson DN, Nierhaus KH. 2007. The weird and wonderful world of bacterial ribosome 
regulation. Crit Rev Biochem Mol Biol 42:187–219. 
4.  Cook GM, Robson JR, Frampton RA, McKenzie J, Przybilski R, Fineran PC, Arcus VL. 
2013. Ribonucleases in bacterial toxin–antitoxin systems. Biochim Biophys Acta BBA - Gene 
Regul Mech 1829:523–531. 
5.  De Lay N, Schu DJ, Gottesman S. 2013. Bacterial small RNA-based negative regulation: Hfq 
and its accomplices. J Biol Chem 288:7996–8003. 
6.  Kaczanowska M, Rydén-Aulin M. 2007. Ribosome biogenesis and the translation process in 
Escherichia coli. Microbiol Mol Biol Rev 71:477–494. 
7.  Loewen PC, Hu B, Strutinsky J, Sparling R. 1998. Regulation in the rpoS regulon of 
Escherichia coli. Can J Microbiol 44:707–717. 
8.  Dreyfus M. 2009. Chapter 11 Killer and Protective Ribosomes, p. 423–466. In Science, B-P in 
MB and T (ed.), . Academic Press. 
66 
 
9.  Kaberdin VR, Bläsi U. 2006. Translation initiation and the fate of bacterial mRNAs. FEMS 
Microbiol Rev 30:967–979. 
10.  Merino E, Jensen RA, Yanofsky C. 2008. Evolution of bacterial trp operons and their 
regulation. Curr Opin Microbiol 11:78–86. 
11.  Shajani Z, Sykes MT, Williamson JR. 2011. Assembly of bacterial ribosomes. Annu Rev 
Biochem 80:501–526. 
12.  Gualerzi CO, Maria Giuliodori A, Pon CL. 2003. Transcriptional and post-transcriptional 
control of cold-shock genes. J Mol Biol 331:527–539. 
13.  Starosta AL, Lassak J, Jung K, Wilson DN. 2014. The bacterial translation stress response. 
FEMS Microbiol Rev 38:1172–1201. 
14.  Siibak T, Remme J. 2010. Subribosomal particle analysis reveals the stages of bacterial 
ribosome assembly at which rRNA nucleotides are modified. RNA N Y N 16:2023–2032. 
15.  Baßler J, Paternoga H, Holdermann I, Thoms M, Granneman S, Barrio-Garcia C, Nyarko 
A, Lee W, Stier G, Clark SA, Schraivogel D, Kallas M, Beckmann R, Tollervey D, Barbar 
E, Sinning I, Hurt E. 2014. A network of assembly factors is involved in remodeling rRNA 
elements during preribosome maturation. J Cell Biol 207:481–498. 
16.  Helm M. 2006. Post-transcriptional nucleotide modification and alternative folding of RNA. 
Nucleic Acids Res 34:721–733. 
17.  Vaidyanathan PP, Deutscher MP, Malhotra A. 2007. RluD, a highly conserved 
pseudouridine synthase, modifies 50S subunits more specifically and efficiently than free 23S 
rRNA. RNA 13:1868–1876. 
67 
 
18.  Conrad J, Sun D, Englund N, Ofengand J. 1998. The rluC gene of Escherichia coli codes for 
a pseudouridine synthase that is solely responsible for synthesis of pseudouridine at positions 
955, 2504, and 2580 in 23S ribosomal RNA. J Biol Chem 273:18562–18566. 
19.  Krzyzosiak W, Denman R, Nurse K, Hellmann W, Boublik M, Gehrke CW, Agris PF, 
Ofengand J. 1987. In vitro synthesis of 16S ribosomal RNA containing single base changes 
and assembly into a functional 30S ribosome. Biochemistry (Mosc) 26:2353–2364. 
20.  Green R, Noller HF. 1996. In vitro complementation analysis localizes 23S rRNA 
posttranscriptional modifications that are required for Escherichia coli 50S ribosomal subunit 
assembly and function. RNA 2:1011–1021. 
21.  Charollais J, Pflieger D, Vinh J, Dreyfus M, Iost I. 2003. The DEAD-box RNA helicase 
SrmB is involved in the assembly of 50S ribosomal subunits in Escherichia coli: E. coli 
ribosome assembly involves a RNA helicase. Mol Microbiol 48:1253–1265. 
22.  Charollais J, Dreyfus M, Iost I. 2004. CsdA, a cold-shock RNA helicase from Escherichia 
coli, is involved in the biogenesis of 50S ribosomal subunit. Nucleic Acids Res 32:2751–2759. 
23.  Hase Y, Yokoyama S, Muto A, Himeno H. 2009. Removal of a ribosome small subunit-
dependent GTPase confers salt resistance on Escherichia coli cells. RNA N Y N 15:1766–1774. 
24.  Choudhury P, Flower AM. 2015. Efficient assembly of ribosomes Is inhibited by deletion of 
bipA in Escherichia coli. J Bacteriol 197:1819–1827. 
25.  Krishnan K, Flower AM. 2008. Suppression of bipA phenotypes in Escherichia coli by 
abolishment of pseudouridylation at specific sites on the 23S rRNA. J Bacteriol 190:7675–7683. 
26.  Anantharaman V, Koonin EV, Aravind L. 2002. Comparative genomics and evolution of 
proteins involved in RNA metabolism. Nucleic Acids Res 30:1427–1464. 
68 
 
27.  Del Campo M, Kaya Y, Ofengand J. 2001. Identification and site of action of the remaining 
four putative pseudouridine synthases in Escherichia coli. Rna 7:1603–1615. 
28.  Davis FF, Allen FW. 1957. Ribonucleic acids from yeast which contain a fifth nucleotide. J 
Biol Chem 227:907–915. 
29.  Hamma T, Ferré-D’Amaré AR. 2006. Pseudouridine synthases. Chem Biol 13:1125–1135. 
30.  Gutgsell NS. 2005. The pseudouridine synthase RluD is required for normal ribosome assembly 
and function in Escherichia coli. RNA 11:1141–1152. 
31.  Ofengand J, Bakin A, Wrzesinski J, Nurse K, Lane BG. 1995. The pseudouridine residues of 
ribosomal RNA. Biochem Cell Biol Biochim Biol Cell 73:915–924. 
32.  Ofengand J. 2002. Ribosomal RNA pseudouridines and pseudouridine synthases. FEBS Lett 
514:17–25. 
33.  Ejby M, Sørensen MA, Pedersen S. 2007. Pseudouridylation of helix 69 of 23S rRNA is 
necessary for an effective translation termination. Proc Natl Acad Sci 104:19410–19415. 
34.  Bakin A, Ofengand J. 1995. Mapping of the 13 pseudouridine residues in Saccharomyces 
cerevisiae small subunit ribosomal RNA to nucleotide resolution. Nucleic Acids Res 23:3290–
3294. 
35.  Lovejoy AF, Riordan DP, Brown PO. 2014. Transcriptome-wide mapping of pseudouridines: 
pseudouridine synthases modify specific mRNAs in S. cerevisiae. PLoS ONE 9:e110799. 
36.  Li S, Mason CE. 2014. The pivotal regulatory landscape of RNA modifications. Annu Rev 
Genomics Hum Genet 15:127–150. 
69 
 
37.  Kierzek E, Malgowska M, Lisowiec J, Turner DH, Gdaniec Z, Kierzek R. 2014. The 
contribution of pseudouridine to stabilities and structure of RNAs. Nucleic Acids Res 42:3492–
3501. 
38.  Hui A, Boer HA de. 1987. Specialized ribosome system: preferential translation of a single 
mRNA species by a subpopulation of mutated ribosomes in Escherichia coli. Proc Natl Acad 
Sci 84:4762–4766. 
39.  Decatur WA, Fournier MJ. 2003. RNA-guided nucleotide modification of ribosomal and 
other RNAs. J Biol Chem 278:695–698. 
40.  Carlile TM, Rojas-Duran MF, Zinshteyn B, Shin H, Bartoli KM, Gilbert WV. 2014. 
Pseudouridine profiling reveals regulated mRNA pseudouridylation in yeast and human cells. 
Nature 515:143–146. 
41.  Decatur WA, Liang X, Piekna-Przybylska D, Fournier MJ. 2007. Identifying effects of 
snoRNA-guided modifications on the synthesis and function of the yeast ribosome. Methods 
Enzymol 425:283–316. 
42.  Charette M, Gray MW. 2000. Pseudouridine in RNA: What, where, how, and why. IUBMB 
Life 49:341–351. 
43.  Decatur WA, Fournier MJ. 2002. rRNA modifications and ribosome function. Trends 
Biochem Sci 27:344–351. 
44.  Czudnochowski N, Ashley GW, Santi DV, Alian A, Finer-Moore J, Stroud RM. 2014. The 
mechanism of pseudouridine synthases from a covalent complex with RNA, and alternate 




45.  Raychaudhuri S, Conrad J, Hall BG, Ofengand J. 1998. A pseudouridine synthase required 
for the formation of two universally conserved pseudouridines in ribosomal RNA is essential 
for normal growth of Escherichia coli. RNA 4:1407–1417. 
46.  Ferré-D’Amaré AR. 2003. RNA-modifying enzymes. Curr Opin Struct Biol 13:49–55. 
47.  Raychaudhuri S, Niu L, Conrad J, Lane BG, Ofengand J. 1999. Functional effect of 
deletion and mutation of the Escherichia coli ribosomal RNA and tRNA pseudouridine synthase 
RluA. J Biol Chem 274:18880–18886. 
48.  Schaub RE, Hayes CS. 2011. Deletion of the RluD pseudouridine synthase promotes SsrA 
peptide tagging of ribosomal protein S7: SsrA tagging in ΔrluD mutants. Mol Microbiol 
79:331–341. 
49.  O’Connor M, Gregory ST. 2011. Inactivation of the RluD pseudouridine synthase has 
minimal effects on growth and ribosome function in wild-type Escherichia coli and Salmonella 
enterica. J Bacteriol 193:154–162. 
50.  Capecchi MR. 1967. Polypeptide chain termination in vitro: isolation of a release factor. Proc 
Natl Acad Sci U S A 58:1144–1151. 
51.  Pfennig P, Flower A. 2001. BipA is required for growth of Escherichia coli K12 at low 
temperature. Mol Genet Genomics 266:313–317. 
52.  Ulland TK, Janowski AM, Buchan BW, Faron M, Cassel SL, Jones BD, Sutterwala FS. 
2013. Francisella tularensis live vaccine strain folate metabolism and pseudouridine synthase 
gene mutants modulate macrophage Caspase-1 activation. Infect Immun 81:201–208. 
71 
 
53.  Liang X -h., Liu Q, Fournier MJ. 2009. Loss of rRNA modifications in the decoding center of 
the ribosome impairs translation and strongly delays pre-rRNA processing. RNA 15:1716–
1728. 
54.  Penzo M, Rocchi L, Brugiere S, Carnicelli D, Onofrillo C, Couté Y, Brigotti M, 
Montanaro L. 2015. Human ribosomes from cells with reduced dyskerin levels are intrinsically 
altered in translation. FASEB J Off Publ Fed Am Soc Exp Biol 29:3472–3482. 
55.  Boros G, Miko E, Muramatsu H, Weissman D, Emri E, Rózsa D, Nagy G, Juhász A, 
Juhász I, van der Horst G, Horkay I, Remenyik É, Karikó K, Emri G. 2013. Transfection 
of pseudouridine-modified mRNA encoding CPD-photolyase leads to repair of DNA damage in 
human keratinocytes: A new approach with future therapeutic potential. J Photochem Photobiol 
B 129:93–99. 
56.  Karikó K, Buckstein M, Ni H, Weissman D. 2005. Suppression of RNA recognition by Toll-
like receptors: the impact of nucleoside modification and the evolutionary origin of RNA. 
Immunity 23:165–175. 
57.  Mochizuki Y, He J, Kulkarni S, Bessler M, Mason PJ. 2004. Mouse dyskerin mutations 
affect accumulation of telomerase RNA and small nucleolar RNA, telomerase activity, and 
ribosomal RNA processing. Proc Natl Acad Sci U S A 101:10756–10761. 
58.  Thumati NR, Zeng X-L, Au HHT, Jang CJ, Jan E, Wong JMY. 2013. Severity of X-linked 
dyskeratosis congenita (DKCX) cellular defects is not directly related to dyskerin (DKC1) 
activity in ribosomal RNA biogenesis or mRNA translation. Hum Mutat 34:1698–1707. 
59.  Shiloach J, Reshamwala S, Noronha SB, Negrete A. 2010. Analyzing metabolic variations in 
different bacterial strains, historical perspectives and current trends – example E. coli. Curr 
Opin Biotechnol 21:21–26. 
72 
 
60.  Studier FW, Daegelen P, Lenski RE, Maslov S, Kim JF. 2009. Understanding the differences 
between genome sequences of Escherichia coli B Strains REL606 and BL21(DE3) and 
comparison of the E. coli B and K-12 genomes. J Mol Biol 394:653–680. 
61.  Pinske C, Bönn M, Krüger S, Lindenstrauß U, Sawers RG. 2011. Metabolic deficiences 
revealed in the biotechnologically important model bacterium Escherichia coli BL21(DE3). 
PLoS ONE 6:e22830. 
62.  Phue J-N, Shiloach J. 2004. Transcription levels of key metabolic genes are the cause for 
different glucose utilization pathways in E. coli B (BL21) and E. coli K (JM109). J Biotechnol 
109:21–30. 
63.  Soupene E, van Heeswijk WC, Plumbridge J, Stewart V, Bertenthal D, Lee H, Prasad G, 
Paliy O, Charernnoppakul P, Kustu S. 2003. Physiological studies of Escherichia coli strain 
MG1655: growth defects and apparent cross-regulation of gene expression. J Bacteriol 
185:5611–5626. 
64.  Murugan A, Zou J, Brenner MP. 2015. Undesired usage and the robust self-assembly of 
heterogeneous structures. Nat Commun 6. 
65.  Levanon SS, San K-Y, Bennett GN. 2005. Effect of oxygen on the Escherichia coli ArcA and 
FNR regulation systems and metabolic responses. Biotechnol Bioeng 89:556–564. 
66.  Mika F, Hengge R. 2005. A two-component phosphotransfer network involving ArcB, ArcA, 
and RssB coordinates synthesis and proteolysis of sigmaS (RpoS) in E. coli. Genes Dev 
19:2770–2781. 
67.  Shaw DJ, Guest JR. 1982. Amplification and product identification of the fnr gene of 
Escherichia coli. J Gen Microbiol 128:2221–2228. 
73 
 
68.  Salmon K, Hung S, Mekjian K, Baldi P, Hatfield GW, Gunsalus RP. 2003. Global gene 
expression profiling in Escherichia coli K12: The effects of oxygen availability and FNR. J Biol 
Chem 278:29837–29855. 
69.  Sutton VR, Mettert EL, Beinert H, Kiley PJ. 2004. Kinetic analysis of the oxidative 
conversion of the [4Fe-4S]2+ cluster of FNR to a [2Fe-2S]2+ Cluster. J Bacteriol 186:8018–
8025. 
70.  Shaw DJ, Guest JR. 1981. Molecular cloning of the fnr gene of Escherichia coli K12. Mol 
Gen Genet MGG 181:95–100. 
71.  Kiley PJ, Beinert H. 1998. Oxygen sensing by the global regulator, FNR: the role of the iron-
sulfur cluster. FEMS Microbiol Rev 22:341–352. 
72.  Kang Y, Weber KD, Qiu Y, Kiley PJ, Blattner FR. 2005. Genome-wide expression analysis 
indicates that FNR of Escherichia coli K-12 regulates a large number of genes of unknown 
function. J Bacteriol 187:1135–1160. 
73.  Miller JH. 1992. A short course in bacterial genetics: a laboratory manual and handbook for 
Escherichia coli and related bacteria. Cold Spring Harbor Press, Cold Spring Harbor, NY. 
74.  Kristensen CS, Eberl L, Sanchez-Romero JM, Givskov M, Molin S, De Lorenzo V. 1995. 
Site-specific deletions of chromosomally located DNA segments with the multimer resolution 
system of broad-host-range plasmid RP4. J Bacteriol 177:52–58. 
75.  Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal genes in Escherichia 
coli K-12 using PCR products. Proc Natl Acad Sci 97:6640–6645. 
76.  Cappuccino JG, Sherman N. 2002. Microbiology: A laboratory Manual, 6th ed. Benjamin 
Cummings, San Francisco, CA. 
74 
 
77.  Li Z, Nimtz M, Rinas U. 2014. The metabolic potential of Escherichia coli BL21 in defined 
and rich medium. Microb Cell Factories 13:45. 
78.  Conrad J, Niu L, Rudd K, Lane BG, Ofengand J. 1999. 16S ribosomal RNA pseudouridine 
synthase RsuA of Escherichia coli: deletion, mutation of the conserved Asp102 residue, and 
sequence comparison among all other pseudouridine synthases. RNA 5:751–763. 
79.  Jiang M, Sullivan SM, Walker AK, Strahler JR, Andrews PC, Maddock JR. 2007. 
Identification of novel Escherichia coli ribosome-associated proteins using isobaric tags and 
multidimensional protein identification techniques. J Bacteriol 189:3434–3444. 
80.  Jordan IK, Rogozin IB, Wolf YI, Koonin EV. 2002. Essential Genes Are More Evolutionarily 
Conserved Than Are Nonessential Genes in Bacteria. Genome Res 12:962–968. 
81.  Ofengand J, Bakin A. 1997. Mapping to nucleotide resolution of pseudouridine residues in 
large subunit ribosomal RNAs from representative eukaryotes, prokaryotes, archaebacteria, 
mitochondria and chloroplasts1. J Mol Biol 266:246–268. 
82.  Andersen TE. 2004. A novel partial modification at C2501 in Escherichia coli 23S ribosomal 
RNA. RNA 10:907–913. 
83.  Karijolich J, Yu Y-T. 2011. Converting nonsense codons into sense codons by targeted 
pseudouridylation. Nature 474:395–398. 
84.  Orelle C, Carlson ED, Szal T, Florin T, Jewett MC, Mankin AS. 2015. Protein synthesis by 
ribosomes with tethered subunits. Nature 524:119–124. 
85.  Karijolich J, Kantartzis A, Yu Y-T. 2010. RNA modifications: a mechanism that modulates 
gene expression. Methods Mol Biol Clifton NJ 629:1–19. 
75 
 
86.  Murphy KC. 1998. Use of bacteriophage λ recombination functions to promote gene 
replacement in Escherichia coli. J Bacteriol 180:2063–2071. 
87.  Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA, Tomita M, 
Wanner BL, Mori H. 2006. Construction of Escherichia coli K-12 in-frame, single-gene 
knockout mutants: the Keio collection. Mol Syst Biol 2:2006.0008. 
 
